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Abs tract

Dysregulated NF-B – dependent ICOSL Expression in Human Dendritic Cell Vaccines
Impairs T Cell Responses in Melanoma Patients
Deena Marie Maurer, PhD
University of Pittsburgh, 2020

FDA approved treatments for advanced melanoma have shown clinical efficiency in a subset
of patients. Combinational therapy using checkpoint blockade has shown the most success, but many
patients do not respond. The patients that do respond often have a pre-existing antitumor immunity.
Dendritic cell (DC)-based vaccination can be used to help mount pre-existing immune responses.
Although shown to be safe and immunogenic, the clinical response rate of DC vaccination remains
low. We have profiled autologous DC vaccines used to treat 35 patients with advanced melanoma

to identify potential biomarkers and signaling pathways that correlate with clinical outcomes. We
show that DC expression of checkpoint molecules induced by ex vivo maturation of this therapeutic
cell product correlates with in vivo vaccine activity. Importantly, melanoma patient DC were
observed to express reduced levels of cell surface ICOSL and to be defective in intrinsic NF-B
signaling. ChIP assays revealed NF-B-dependent transcriptional regulation of ICOSL expression.
Blockade of ICOSL on DC reduced their capacity to prime antigen-specific CD8+ and CD4+ T
cells in vitro. Additionally, levels of extracellular/soluble ICOSL released from vaccine DC
positively correlated with clinical outcomes, which we have shown to be partially regulated by
intrinsic ADAM10/17 sheddase activity. These data point to the critical role of canonical NF-B
signaling, the regulation of metalloproteinases, and DC-expressed/shed ICOSL in antigen-specific
priming of T cell responses. In Appendix A, we used transcriptional profiling of patient and HD
DC to identify disease-associated transcriptional differences. We observed that metabolic
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signaling pathways were dysregulated in patient mature DC (mDC). Functional assays showed
that reduced activation of oxidative phosphorylation and fatty-acid β-oxidation in patient mDC
correlated with immune responses and favorable outcomes. In Appendix B, another recent
autologous DC vaccine (n=16) for the treatment of advanced melanoma is highlighted. We
identified gene targets in patient DC that correlate with overall survival and immune response.
These biomarkers are expected to serve as key biologic indices in defining therapeutic DC release
criteria and endpoints for targeted interventional approaches designed to optimize the therapeutic
anti-tumor efficacy of DC-based modalities or the intrinsic anti-tumor activities of DC in situ in
cancer patients.
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1.0 Introduction

1.1 Foreword

Portions of this chapter were adapted from the previous published research review in
Melanoma Research: Maurer, D.M., Butterfield, L.H., and Vujanovic, L. Melanoma Vaccines:
Clinical Status and Immune Endpoints. Melanoma Research, 2018.

1.2 Hallmarks of Cancer

Cancer is the second leading cause of death in the United States(1). It is estimated that
approximately 606,520 deaths with occur from the disease this year alone(1). Historically, cancer
has been defined as rapid, dynamic changes in the genome. These changes are based on genetic
mutations that often result in an over expression or a loss of expression in genetic material(2). This
can cause the rapid proliferation of cells, which often results in tumorigenesis.
Bishop and Weinberg were the first to define tumorigenesis in humans as a multi-step
process governed by genetic alterations(2). Bishop and Weinberg’s work revealed that cells require
six essential traits, coined “hallmarks”, that control malignant growth. The original six hallmarks
of cancer included the following: 1) self-sufficient in growth signals, 2) evasion of apoptosis, 3)
limitless replication capacity, 4) sustained angiogenesis, 5) insensitivity to anti-growth signals,
and 6) tissue invasion and metastasis(2). Cells require all of the above six genetic alterations in
order to transition from a normal to a malignant state (Figure 1).
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1.2.1 The Hallmarks of Cancer: The Next Generation

Soon after the original hallmarks of cancer was published, novel research discoveries
suggested that the immune system plays a critical role in the development of cancer. Yet, the first
evidence of the importance of the immune system in tumorigenesis occurred many years prior. Sir
Frank Burnet coined the “Immune Surveillance Theory” in 1970 and was one of the first scientists
to identify the ability of tumor cell neoantigens to induce immune responses(3). Then, in 1971,
Thomas Starzl, along with others, reported the occurrence of de novo tumors in individuals with
immunological deficiencies(4). Additionally, early studies with Bacillus Calmette-Guerin (BCG)
for the treatment of cutaneous neoplasms showed promising results in animal and human
models(5). Fifteen years later, in 1986, Dvorak et al. showed tumors were infiltrated by innate and
adaptive immune cells(6). However, it was not until the early 2000s that immunotherapy for the
treatment of cancer was widely accepted by the scientific community.
Early studies revealed that immunodeficient mice had more frequent and rapidly growing
tumors, compared to immunocompetent hosts(7,8). Additionally, studies suggested cancer cells
transplanted from immunodeficient mice were not capable of generating secondary tumors in mice
with competent immune systems, yet, tumors from immunocompetent animals were able to
generate secondary tumor responses in immunosuppressed mice(7,8). Additionally, human studies
on renal transplant recipients showed evidence of rapid cancer development in these individuals,
suggesting the induced immunosuppression enabled cancer cell growth(9). Additionally,
immunocompromised transplant recipients often developed donor derived cancers(10). Moreover,
studies revealed that ovarian, colon, and melanoma human tumors infiltrated with immune cells,
such as cytotoxic T cells and natural killer cells, had a better prognosis, compared to tumors that
lacked infiltrating lymphocytes(11-14). All of the above studies indicated tumorigenesis is often
2

kept “in check” by a functional immune system. In 2011, Bishop and Weinberg updated the
original hallmarks of cancer to include to include the following two emerging hallmarks: 1)
deregulated metabolism and 2) evasion of the immune system. In addition, Bishop and Weinberg
defined two “enabling characteristics”: 1) genome instability and 2) inflammation (Figure 1). It
was hypothesized that the development of the “enabling characteristics” would lead to the
acquisition of the hypothesized hallmarks(15).

Figure 1. The Hallmarks of Cancer. This figure was modified from the orginal published figure by by Bishop and
Weinberg(15). The emerging hallmarks are highlighted in pink and the enabling characteristics are highlighted in
purple.

The growing evidence of the involvement of the immune system in cancer development
led to a more complex concept known as the “Cancer Immunoediting Model”. This model was
first developed by Ikeda, Old, and Schreiber, and has is defined by three essential elements: 1)
Elimination of tumors, 2) Equilibrium between the immune system and tumor development, and
3) Tumor Escape(16). The elimination phase is often referred to “Immunosurveillance” in which
cancer cells are detected and eliminated by the immune system(17). The equilibrium phase is a
balance between immune recognition and tumorigenesis. During this phase, characteristics of the
immune system and tumor are shaped by each other(17). Often, “immunoediting” occurs in the
3

equilibrium phase, in which highly immunogenic cancer cell clones are eliminated. The final
phase, Tumor Escape, involves the development of an immunosuppressive tumor
microenvironment and enables the tumor to escape the generated immune response and
progression occurs(17).

1.3 Dendritic Cell Biology

Dendritic cells (DC) are derived from the bone marrow and are localized in the peripheral
blood, epithelial tissues, and lymph tissues(18). DC were first identified by Ralph Steinman in the
1970’s as accessory cells that can activate an adaptive immune response by the priming of
lymphocytes(19). These cells have physiological sensors, and antigen processing machinery that
enable them to recognize and internally process foreign pathogens and then present antigen
peptides via MHC class molecules to adaptive immune cells(19).
In the periphery, DC are usually in their immature, phagocytic state. They express low
levels of MHCII and co-stimulation molecules, and secrete low levels of cytokines, such as IL12(20). Immature DC can present self-antigens to T cells and induce tolerance by the expansion
of regulatory T cells(20). Upon interaction with a foreign antigen, DC will undergo maturation,
and migrate towards the lymph nodes(20).
Matured DC will upregulate MHCII and costimulation molecules (e.g. CD80, CD86) on
their cell surface, and secrete inflammatory cytokines(20). Naive T cells in the lymph nodes will
bind to the MHC/antigen peptide complex presented by DC via their TCR. In order for the T cell
to become fully activated, the following three events need to occur: 1) binding of MHCI or MHCII
molecules to the TCR, 2) a co-stimulation event, and 3) secretion of cytokines by the DC(21). The
4

above three signals will result in the full activation and proliferation of antigen-specific T cells.
This schema is depicted in Figure 2. In the absence of one or more of these signals in antigenpresenting DC, T cell “responders” will often become anergic.
DC have the capacity to skew the immune response depending on the cytokines secreted.
T helper type 1 (Th1) polarized T cells are known to produce inflammatory cytokines and attack
intracellular pathogens. A Th1 response will often be generated from inflammatory cytokines, such
as IL-12, IL-23, IL-27, and type I interferons being secreted from DC(18). Likewise, a Th2
generated immune response often is a result of an allergic reaction and is reported to be stimulated
by the cytokines IL-4, IL-5, and IL-13(22,23). On the other hand, a regulatory response can be
generated by the presence of regulatory or immunosuppressive cytokines, such as IL-10 and TGFβ(18).

5

Figure 2. Immunological Synapse.
In order to become fully activated, T cells need to recieve three signals from a dendritic cell. The first event that has
to occur is binding of the MHC molecule to the TCR. This is followed by a co-stimulation event, which is usually
CD28 on the T cell binding to CD80/CD86 on the DC. Lastly, DC will secrete cytokines to the T cell that impacts T
cell functional polarization. As shown, the DC is secreting IL-12, skewing the immune response towards a proinflammatory Th1 response. Preferential DC production of alternate cytokines may result in alternate T cell
functionality, including Th2, Th17 or Treg. All three of these signals are required for full activation and proliferation
of responder T cells.

1.3.1 Antigen Processing and Presentation

Self and foreign antigens are processed and presented by APC to adaptive immune cells in
order to regulate immune responses. Presentation of antigens occurs within the context of MHC I
and MHC II molecules expressed on the surface of APC, such as DC. MHC I molecules have a
constrained peptide presenting groove capable of bind peptide fragments of between 8-15 amino
acid (a.a.) in length, with most presented peptides averaging 9 a.a. in length(24-26). MHC II
molecules have an open binding groove, and therefore, can accommodate larger peptide fragments
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between the sizes of 11-30 a.a. in length, with extended portions of the peptide “dangling” from
the ends of the peptide binding groove(27).
MHC I molecules process and present endogenous antigens to CD8+ T cells. Class I
molecules are assembled in the endoplasmic reticulum (ER) and consist of two chains: 1)
polymorphic heavy chain and 2) β2 – macroglobulin (2m )(28). Class I molecules are normally
stabilized in the ER by the chaperone proteins, calreticulin, Erp57, tapasin, and protein disulfide
isomerase(28). In the cytosol, foreign and/or self-antigens will be degraded into small fragments.
The Transporter Associated with Antigen Presentation (TAP) translocates the resultant protein
fragments from the cytosol into the ER, where they have access to, and may bind to nascent MHC
I molecules. Upon binding of peptides to MHC I and 2m, chaperone proteins are released, and
“mature” MHC I/peptide complexes are translocated to the cell surface.(28)
MHC II molecules present peptide derived from both intrinsic and exogenous proteins to
CD4+ T cells, with exogenous proteins acquired via endocytosis in APC(21). Class II molecules
are comprised of α and β proteins, which are stabilized by an invariant chain(29). Due to the acidic
pH in endocytic vesicles, the invariant chain will become digested by cathepsin S and cathepsin
L. When the invariant chain becomes digested, a fragment known as the Class II associated
invariant chain peptide (CLIP) remains bound to the binding groove of the MHC II molecule,
preventing access to free peptides(29). The chaperon protein, HLA-DM aids in the binding of
protein fragments to the MHC II molecules endocytic compartments. Upon binding with the
antigen fragment, CLIP is released and the MHC II/peptide complex is translocated to the cell
surface for interaction with CD4+ T cells(29).
MHC I molecules remain at the cell surface for variable periods of time, after which peptide
and 2m may dissociate from the MHC I heavy chain, with the MHC I heavy chain then

7

internalized. When MHC I molecules are internalized, they can potentially enter the MHC II
antigen-processing pathway, where cross-presentation of MHC I (and other internalized) peptides
in MHC II complexes can occur. Cross-presentation is a process in which exogenous peptides can
be presented by MHC I molecules to CD8+ T cells(30). This process has been shown to critical in
the processing and presentation of many tumor antigens. Foreign antigens have been shown to be
taken up by pinocytosis, phagocytosis, or receptor-mediated endocytosis(30). Two different
pathways of cross presentation have been reported: 1) the cytosolic pathway, which occurs in the
cytosol and 2) the vacuolar pathway, which occurs in endocytic compartments(31). Cells that are
capable of cross presentation have specialized antigen processing machinery. Human DC subtypes
that are able to cross-present antigens are known as conventional DC 1 (cDC1). The differentiation
of cDC1 is regulated by IRF8 and is associated with production of the chemokine, XCR1, and
expression of the surface molecule, CD141(31).

1.3.2 DC Subtypes

All DC express high levels of MHC class II (HLA-DR) molecules and lack the lineage
markers, CD3 (expressed by T cells), CD19/20 (expressed by B cells), and CD56 (expressed by
NK cells)(32,33). DC, including those in blood, can be separated into two categories: myeloid and
plasmacytoid DC. Human myeloid DC are positive for expression of CD11c, CD13, CD33, and
CD11b, and fail to express the monocyte markers CD14 and CD16(32,33). CD11c+ DC can be
further separated into CD1c+ and CD141+ fractions. These subtypes of DC are homologous with
the mouse CD11b+ and CD8/CD103+ DC, respectively(34,35). Plasmacytoid DC express CD123,
CD303, and CD304 on their surface and express high levels of TLR7 and TLR9. Plasmacytoid
DC usually respond to viral infections and secrete high amounts of type I interferons(32,33,35).
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Additionally, there is a unique self-renewing subset of DC known as Langerhans cells, which are
localized to the stratified squamous epithelium of the skin(32,33). Inflammatory DC can be
generated from CD14+ blood monocytes by culturing them in the presence of GM-CSF and IL-4.
Such DC can activate CD8+ and CD4+ T cells by cross presentation of antigens. These DC secrete
pro-inflammatory cytokines, such as IL-1β and IL-12(32,33).

1.4 Crosstalk Between DC and T Cells

As stated above, post-thymic activation of T cells typically occurs in the lymph nodes via
an interaction with antigens presented by matured DC that have emigrated from peripheral tissue
sites. The physical interaction structure between naïve T cells and matured DC is often referred to
as the “Immunological Synapse”(36). Mempel et al showed that T cell priming occurs in three
distinct phases. After naïve T cells reach the lymph nodes, they undergo short encounters with
matured DC. These interactions reduce T cell motility, leading to T cell expression of activation
markers. In the following 12hrs, T cells make long lasting interactions with the matured DC. At
this time, T cells will begin to secrete IL-2 and IFN-γ. By the second day, cognate T cells may
down-regulate expression of their T cell receptor (TCR) and initiate proliferative/differentiative
programming to become functional, mature T cells (36).
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1.5 Co-stimulatory & Checkpoint Molecules

The immune system is kept in balance by the presence of numerous checkpoint inhibitory
and co-stimulation molecules. In healthy cells, checkpoint inhibitory molecules are upregulated
after activation of immune cells. Checkpoint molecules will down regulate the immune response
in order to prevent autoimmunity(37). Likewise, co-stimulation molecules will be upregulated on
cells when an infection occurs in the milieu of activating pathogen signals. Co-stimulation
molecules are known to help induce activation signals from antigen presenting cells (APC), such
as DC, to stimulate and activate antigen-specific T cell responses(38).
PD-1/PD-L1 and CTLA-4 are well-known inhibitory molecules. Both PD-1 and CTLA-4
are expressed on T cells during early activation events(39,40). Studies have also indicated that PD1, PD-L1, and CTLA-4 are expressed on APC(41). PD-1 has a cytoplasmic domain that contains
immunoreceptor tyrosine based inhibitory/switch motifs (ITIM and ITSM). Upon interacting with
PD-L1, PD-1 will recruit phosphatases containing SH2 domains that will prevent the
phosphorylation of ITAMS on the TCR(42,43). This will result in the inhibition of T cell
activation. CTLA-4 binds to CD80 and CD86 on APC with greater affinity, compared to CD28.
When T cells express CTLA-4 it will outcompete CD28 for the binding of CD80/CD86. Upon
binding to CD80/CD86, CTLA-4 will send inhibitory signals to the T cell, preventing
activation(44-46).
In cancer, these molecules are often upregulated on immune cells and tumor cells as a
means of immune escape(41). Studies have shown that PD-1 and PD-L1 expression inhibits CD4+
and CD8+ T cell-specific responses(47). Studies have suggested that PD-1 upregulation on T cells
inhibits CD28 co-stimulation(48). Moreover, soluble PD-1 and PD-L1 can act as neutralizing
antibodies which block the PD-1/PD-L1 pathway to promote antigen-specific T cell responses(47).
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The PD-1/PD-L1 pathway is regulated by NF-κB and JAK/STAT signaling in DC(49,50). CTLA4 is expressed on activated T cells. Prior to T cell activation, CTLA-4 is maintained intracellularly.
Upon activation, CTLA-4 is translocated to the cell surface and is regulated by TRIM, PLD, ARF1, and TIR-7(51,52). Some studies suggest expression of surface CTLA-4 on mature DC with its
expression regulated by JAK2 and STAT1 through IFN- signaling(53). However, not much is
known about possible roles of CTLA-4 in dendritic cells. Tumor cells also upregulate CTLA-4
and clinical studies have proven anti-CTLA-4 antibodies are associated with overall survival rates
and clinical outcomes.
ICOSL is commonly expressed on matured APC and its receptor (ICOS) is commonly
expressed on T cells. ICOSL can provide co-stimulation for the activation of antigen-specific T
cells. Specifically, in the cancer setting, ICOS signaling has been reported to mediate both
immunoregulatory and immunostimulatory roles, suggesting the importance of context. Some
studies have shown that increased expression of ICOSL on tumor cells is associated with disease
progression and poor clinical outcome(54), and high levels of ICOSL on cancer cells facilitates
development of immunosuppressive CD4+ T cells(55). Conversely, studies in colon cancer have
shown that high ICOS expression on infiltrating leukocytes is associated with better overall
survival(56). In patients previously treated with -CTLA-4, high ICOS expression on T cells was
associated with better prognosis(57). Furthermore, treatment with vaccines engineered to express
ICOSL along with co-administered CTLA-4 blockade increased the magnitude of specific T cell
responses in prostate and melanoma mouse models(58), suggesting an important role of ICOS
signaling in the optimal development of anti-tumor immunity.
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1.6 Environmental Influence on DC Priming Abilities

The tumor microenvironment has the ability to negatively impact immune responses.
Studies have shown that infiltrating immune cells will quickly become suppressed upon entering
the tumor microenvironment. Tumor cells secrete the immunosuppressive cytokines, IL-10 and
TGF- β, that can prohibit an anti-tumor immune response(59). Tumor cells can also upregulate the
expression of checkpoint molecules that bind to activated immune cells and provide an inhibitory
signal(60). In addition, tumor cells secrete high levels of VEGF and the chemokines, CXCL1 and
CXCL5, which have been shown to prohibit DC maturation(61). Tumor-conditioned immune cells
are suggested to induce tolerance among infiltrating immune cells. Studies have further shown that
melanoma-derived DC have express lower levels of CD86 on their cell surface, and secrete higher
levels of IL-10, leading to anergy in CD4+ T cells and promotion of tumor progression/metastasis
in patients(62).

1.7 Melanoma

Melanoma is classified as a solid tumor that develops from the melanocytes in the skin. It
accounts for 1% of all skin cancers and, if caught early, is highly-treatable(1). The overall survival
rate for melanoma is 98%. However, the incidence rate of melanoma continues to rise yearly. It is
projected that 100,000 new cases of the disease will be diagnosed this year. Moreover, melanoma
is the leading cause of skin cancer-related deaths in the United States(1). The advanced stage of
this disease has a 10-year survival rate of only 15%. It is estimated in 2020, 6,850 patients will die
of this disease(1).
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To date, there are no successful standard care of treatments yielding general benefit for
patients with advanced stage disease. However, there are several FDA approved therapies that
reproducibly result in clinical benefit in a minority of patients. Systemic cytokine treatments such
as, IL-2 and IFN-α, have been used as a therapeutic for tumor regression. These treatments have
shown favorable clinical responses, but only in 10-20% of patients(63). Additionally, high doses
of IL-2 and IFN-α can produce toxic side effects(64-66). Likewise, T-Vec, an approved oncolytic
virus for the treatment of melanoma, has been reported to shrink tumors localized in the skin and
lymph tissues(67). However, it is unknown if the virus can aid in regression of metastatic sites in
other parts of the body, or if the virus helps increase the quality of life of the patient. In addition,
molecular targeted therapies have been used for the treatment of melanoma. Targeted therapies
against mutations in the BRAF or MEK genes, that serve as oncogene drivers in melanoma, have
shown clinical success. However, patients often develop resistance to these drugs or they may
develop a secondary cancer, such as squamous cell skin cancer(68). Immune checkpoint blockade
therapies, such as anti-CTLA-4 and anti-PD1, have shown success in the clinic(69). Clinical trials
have shown that in combination these two therapies yield a clinical response rate of approximately
70%(69,70). However, only a subset of patients exhibit durable treatment benefit, and these
patients typically exhibit baseline immune response to tumor.

1.8 Cancer Vaccines for the Treatment of Melanoma

It has been known for decades that the immune system can be spontaneously activated
against melanoma. The presence of tumor infiltrating lymphocytes (TIL) in tumor deposits is a
positive prognostic factor(71). Cancer vaccination includes approaches to generate, amplify, or
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skew antitumor immunity for clinical benefit. To accomplish this goal, tested approaches involve
administration of tumor antigens, APC or other immune modulators, or direct modulation of the
tumor. Since the success of checkpoint blockade may depend in part on an existing antitumor
response, “booster” cancer vaccination may play an important role in future combination therapies.

1.8.1 Historical Perspective of Cancer Vaccination

Active immunotherapies are not a novel concept. Over a century ago, William B. Coley
injected live streptococci into sarcoma patients to promote erysipelas and induce immune systemmediated tumor rejection. While therapies such as these have shown limited clinical benefit and
high degree of systemic toxicity, they did usher in an era of onco-immunology(72). Some of the
first melanoma cancer vaccine trials occurred in the 1970s. These included testing tumor lysate
injections and use of pathogen-derived adjuvants like Bacillus Calmette-Guerin (BCG)(73,74);
vaccinia virus oncolysate(75) or Corynebacterium parvum(76). The results were promising, with
some patients displaying clinical responses that were often transient. In the 1980s, there were
studies focused on vaccines based on injection of irradiated allogeneic melanoma cells(77). The
injection of irradiated tumor cells, especially those genetically engineered to secrete GM-CSF,
revealed high infiltration of immune cells into the tumor. In the early 1990s, gangloside (GM2,
GD3)-based vaccines with adjuvants and immunogenic conjugates were investigated as treatment
modalities(78). The use of gangloside-based vaccines were proven to safe and immunogenic
within the clinical setting. Application of recombinant cytokines was also tested at this time, both
as systemically delivered agents (IL-2, IFN-α) or as cytokine-secreting genetically modified tumor
cell vaccines (especially GM-CSF)(79,80). Studies using vaccines encoding IL-2 and GM-CSF
indicated immunological benefits, as vaccine-induced immune responses were observed in a
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subset of participants. During the 1990s, the molecular identification of the tumor antigens
expressed by melanomas which were recognized by the cytotoxic T cells (CTL) infiltrating tumors
were beginning to be published which had a major impact on the field, since specific melanomaassociated antigens could now be targeted in vaccine formulations (81-83).These studies suggested
that vaccines encoding shared tumor antigens could generate anti-tumor immune responses.
The most common approach to cancer vaccination in the last two decades involves
immunization with shared tumor antigens expressed by many different patients’ tumors. The
earliest tumor associated antigens (TAAs) identified were proteins that were overexpressed in
tumor cells but minimally expressed in untransformed normal tissues(81,82,84,85). TAAs were
also identified after cloning the genes that encoded proteins that included epitopes recognized by
tumor reactive TILs. Other types of TAA tested in melanoma include cancer testis antigens and
mutated antigens (tumor specific or private neoantigens).

1.9 Melanoma Antigens

Melanoma antigens can be segregated into four major categories: overexpressed antigens,
cancer testis antigens, mutated oncogenes and mutated neoantigens. Overexpressed antigens
include melanoma lineage antigens such as MART-1/Melan-A, tyrosinase, and gp100.
Overexpression of the above antigens have resulted in the activation of antigen-specific T cells in
vitro and in murine models, and have been tested in clinical trials with some objective RECIST
(response evaluation criteria in solid tumors) clinical responses(86-88). A concern about targeting
such TAAs is that the highest avidity T cells specific to these normal “self” antigens may have
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been deleted or exhausted by chronic antigen stimulation, leaving only less effective, lower avidity
T cells to be activated.
Cancer testis antigens are expressed in a proportion of most tumor tissue types and in germ
cells that, because of their physiologic location in so-called “immune privileged sites”, are
generally ignored by the immune system. Such antigens include the large MAGE-A, MAGE-B,
and MAGE-C families, and NY-ESO-1. These antigens have been tested in human clinical trials
and implicated in therapeutic responses amongst patients with melanoma(89).
Tumor specific mutations have been known for decades, and commonly occurring
mutations in the RAS family of oncogenes (NRAS is mutated in 15% of melanomas) have been
identified. However, earlier it was thought unlikely that such single amino acid mutations would
translate into commonly-expressed altered peptides presented by MHC class I or II molecules for
T cell recognition, making shared mutations unattractive for target in vaccine clinical trials(90).
Neoantigens are those antigens that arise from random somatic mutations in individual tumors(91).
These antigens have been assessed in many personalized DC vaccine clinical trials and have been
shown to be immunogenic and increase Progression Free Survival (PFS) rates in melanoma
patients(92-95).

1.10 Cancer Vaccine Platforms

Most cancer vaccines are designed to activate tumor specific CD8 + CTL because studies
in mice reproducibly support the key therapeutic role played by these cells. The most common
vaccination strategies used have been based on MHC class I restricted peptide epitopes from
TAAs. These have been delivered in a variety of adjuvant formulations (including cytokines and
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toll-like receptor (TLR) ligands) to promote in vivo presentation by endogenous APC. Peptide
based vaccines take advantage of the existing data on MHC class I peptide binding motifs for the
most common HLA types, and the algorithms which can screen protein amino acid sequences for
peptide epitopes derived from TAAs. Data from animal models support the potential for such
vaccines to have a substantial therapeutic effect(96-98).

1.10.1 Peptide Based Strategies

Peptides formulated in adjuvants (such as Montanide, which is analogous to incomplete
Freund’s adjuvant (IFA)), with or without cytokines, such as GM-CSF and interferon γ (IFN-γ),
or TLR agonists, have shown clinical benefit (partial responses, complete responses, and durable
disease stabilization) in small- and large-scale clinical trials(99-102). In smaller trials, peptides
loaded onto APCs, such as DCs, have also resulted in positive immune and clinical effects(103105). DC cancer vaccine trials are discussed in greater detail below.
As peptide-based vaccines are tested, optimal adjuvants and formulations of these vaccines
are still being identified. Clinical trials of peptide-based vaccines were recently reviewed(106). A
benefit of peptide-based approaches is that 9 to 10 a.a long peptides are simple and inexpensive to
manufacture. Large scale manufacture is possible and the peptides are stable when stored and
shipped between treatment sites.
Because of the HLA restricted nature of T cell recognition, individuals who do not express
common HLA types are logistically more difficult to treated with general peptide-based vaccines.
In addition, the usual MHC class I binding short peptides do not activate CD4 + helper T cells,
which may limit the expansion/functionality of vaccine-induced CD8+ cytotoxic T cells. In some
cases, this limitation has been overcome by the inclusion of non-tumor specific help (inclusion of
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keyhole limpet hemocyanin (KLH), tetanus, or (pan-DR binding synthetic helper (PADRE)
peptides), although data are limited over the nature of the “help” provided by these heterologous
helper peptides. Shared melanoma antigen-derived helper peptides have been tested in several
trials, with data suggesting improved survival in vaccinated patients(107).
Another strategy that has shown significant clinical efficacy in the setting of cervical cancer
is the use of synthetic peptides that are long enough to include multiple MHC class I and II
epitopes(108,109). These 23-45 a.a. long peptides, delivered subcutaneously, have been shown to
be especially effective, possibly because of a more efficient processing and presentation pathway,
which leads to superior T cell activation(110). We have observed in vitro that a 16 a.a. long
MAGE-A6-derived peptide, MAGE-A6172-187, that has been reported to be promiscuously
presented by multiple HLA-DR alleles, can also induce HLA-A2-restricted CD8+ T cell responses
against the MAGE-A6176–185 epitope(111,112). These results indicate that long peptides derived
from melanoma antigens could also be implemented in future melanoma vaccine modalities.
Multiple peptides can be given at the same time, coordinately targeting T cell clones
reactive against a range of tumor antigens(113-115). Combination trials using vaccines and other
therapies, such as cyclophosphamide, have resulted in a broader immune response and a reduction
of regulatory cells. For example, a trial combining pre-vaccine cyclophosphamide with multiple
peptides and GM-CSF showed that improved survival was associated with antigenic breadth of
response and reduced suppressive circulating regulatory T cells (Tregs) and myeloid derived
suppressor cells (MDSCs)(113). The Slingluff group has previously generated a cocktail of 6 MHC
class II-restricted peptides (6MHP; derived from MAGE, MART-1, gp100, and tyrosinase
(TAAs)) which has been tested in two phase I/II vaccine trials. Survival outcomes of patients
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treated with the 6MHP vaccine were observed to be superior to those of matched institutional
controls(116,117).
To enhance the efficacy of cancer vaccines, “wild type” (non-mutated) tumor antigenderived epitopes can be modified in order to activate cross-reactive T cell clones, resulting in
activation of higher avidity T cell clones capable of superior tumor recognition and killing. One or
two a.a. substitutions, normally within the predicted epitope anchor residues, have been shown to
lead to higher binding affinity that resulted in induction of higher avidity, tumor-specific T
cells(118,119). The design of heteroclitic peptides (aka altered peptide ligands) can be difficult
and labor-intensive. Recently, Cristian Capasso et al. have developed The Epitope Discovery and
Improvement System (EDIS), an automated algorithm-driven platform to accelerate the design and
application of heteroclitic peptides in the vaccine setting(120).
Another potential strategy to enhance tumor antigen-derived epitope immunogenicity is to
utilize highly homologous and cross-reactive “mimicking” peptides derived from proteins found
in common microbial pathogens to which many individuals have pre-existing immunity. We have
shown that a peptide derived from the Mycoplasma penetrans HF-2 permease protein, HF-2216–229,
shares a high degree of structural and functional homology with the aforementioned MAGE-A6172187 epitope.

The functional avidities of CD4+ and CD8+ T cells primed with HF-2216–229 are 100 and

1000X greater than those of CD4+ and CD8+ T cells primed with MAGE-A6172-187, respectively.
Consequently, HF-2216–229-stimulated T cells are superior at recognizing APCs pulsed with
MAGE-A6172-187 or recombinant MAGE-A6, as well as HLA-matched MAGE-A6+ melanoma cell
lines(111,112).
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1.10.2 APC Based Strategies

Many types of APCs have been investigated, including peripheral blood mononuclear cells,
activated B cells, and, more commonly, DC. As indicated above, DC are a heterogeneous
population of APCs that can efficiently take up antigens and sample their environment. They then
process and present these antigens to CD4+ and CD8+ T cells and incorporate immune response
modulating cues (including the secretion of cytokines such as interleukin 12 (IL-12) p70, which
skews the immune response to a type 1 response) to modulate the type of response. A type 1
response involves IFN-γ, IL-2, and tumor necrosis factor and it promotes the activation of
cytotoxic CD8+ T cells. Several recent reviews summarize the history, biology, and clinical
application of these cells(20,121,122).
Clinical trials of autologous DC vaccines involve individualized patient vaccination
approaches and single clinical trial arms. It is difficult to compare trials and draw firm conclusions
about the efficacy or different approaches(123-125). Natural CD11c+ DC as well as DC generated
from monocytes(126-128) and CD34+ progenitor cells have been tested with various antigen
formats, including complex tumor lysates that contain normal, TAA and tumor specific antigens,
or synthetic MHC class I restricted peptides. Vaccines have been injected into the blood, skin
(subcutaneously or intradermally), and lymph nodes. A schematic of the generation of DC vaccines
is shown in Figure 3. The initial lessons learned were that DC vaccines are safe, feasible and
immunogenic and can promote clinically significant tumor regression in 4.2-7.1% of
patients(104,109,129-134).
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Figure 3. Monocyte-derived DC-based Immunization Protocol.
DC-based vaccines are generated by the selection of CD14+ monocytes from isolated PBMC. Monocytes are cultured
with GM-CSF and IL-4, often for 5 days, to obtain immature DC. Immature DC are matured using various maturation
cocktails as previously described by Kaka et al. (2009), Vujanovic et al. (2010), and Kalinski et al. (2005). After 2448hr maturation, matured DC are delivered to patients. DC are loaded with antigens either before, during, or after
maturation. The methods and reagents highlighted in bold were the methods chosen for the UPMC 09-021 trial
referenced in Chapter 3.

One therapeutic cancer vaccine—Sipuleucel-T manufactured by Dendreon—was approved
by the Food and Drug Administration in 2010. It consists of autologous APC loaded with the TAA
prostatic acid phosphatase and GM-CSF and is approved for metastatic prostate cancer on the basis
of a 4.1-month improvement in overall survival seen in data from large scale phase III clinical
trials(135).

1.10.3 Tumor Based Strategies

Early cancer vaccine studies found that mice could be immunized with tumor cells that
were killed and engineered to express immune stimulatory cytokines(136,137) including GMCSF. The data supporting syngeneic, autologous, or allogeneic tumor cells transfected to express
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high amounts of GM-CSF supported clinical testing, with some immune and clinical
responses(77,138-141). Other strategies that use the personalized approach of harnessing
autologous tumor antigens include using tumor lysates to load APCs ex vivo and fusion of tumor
cells and autologous APCs. Immunity to undefined tumor lysates and foreign helper proteins has
been demonstrated in some cases(142-144). Autologous tumor cells can also be used to transfect
APCs (autologous or derived from allogeneic cell lines) with tumor genomic DNA(145). This
allows uncharacterized mutated gene products specific to the tumor to be processed and presented
for immune activation.

1.11 Determinant Spreading

Although antigen choice is critical for generating antitumor immunity, the spread of the
immune response from one antigen to another antigen expressed in the same tissue (“determinant
spreading”(146) or “epitope spreading”) has been linked to superior clinical outcome(103,147152) in multiple tumor types and vaccination settings. The phenomenon of in vivo cross
presentation of tumor derived antigens released in one wave of T cell attack to promote subsequent
waves of anti-tumor T cells directed against different antigens may be an important mechanism
for tumor rejection(149). A vaccine that targets shared antigens may set the stage for subsequent
rounds of immunity to mutated neoantigens. The most important role of vaccines containing TAAs
may be to induce determinant spread to tumor specific antigens that activate higher avidity T cells,
which more effectively mediate tumor rejection. The in vivo mechanism of cross priming may also
result in autoimmunity(153), which has been found to represent a biomarker of clinical response
to interferon in patients with melanoma(154).
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1.12 DC Vaccine Clinical Trials for the Treatment of Melanoma

DC vaccines have been used in the clinic as a potential therapeutic modality for patients
with melanoma. Researchers have tried to optimize DC priming abilities by the use of different
maturation cocktails, such as LPS and IFN-γ, IFN-α and polyinosinic:polycytidylic acid (poly
p:IC), and TNF-α, IL-1, and PGE2 combinations(155). Each of these maturation cocktails are
designed to enhance DC priming abilities by increasing DC secretion of Th1-skewing chemokines,
such as IL12p70 , in addition to T cell-recruiting chemokines.
Researchers have tried to optimize DC vaccines by the use of different DC subtypes. For
example, one study isolated primary CD1c+ blood DCs from Stage IV melanoma patients. The
DCs were activated briefly (16hrs.) with tumor associated antigens. 4/14 participants showed longterm progression free survival (12-35 months) by the presence of circulating antigen-specific T
cells(130). Another study pulsed matured DC with neo-antigens from stage III melanoma patients,
which was then injected as a vaccine. Blood isolated from the vaccinated patients revealed
presence of antigen-specific T cells in circulation(156). Recently, DC vaccines have also been
used in combination with current checkpoint blockade therapy. A clinical trial using monocytederived DCs loaded with shared melanoma antigens in combination with ipilimumab yielded 8
complete responders and 7 partial responders, out of the 39 melanoma patients(157). The results
of this trial are encouraging and suggest combination therapeutics might produce the best
immunogenic response associated with clinical benefit in melanoma patients.
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1.13 Adenovirus Vectors in DC-Based Vaccination

Recombinant Adenovirus Vectors (AdV) were first shown to be superior to other
traditional methods of transfection of DCs, such as electroporation, in 1997(158). Since then, AdV
have been proven to be a safe and an effective method of gene transfer in human DCs.
Adenoviruses are non-enveloped, double-stranded DNA viruses that are between 30-43 kb in
genome length(159,160). The genome transcript of adenoviruses can be separated into two
categories: early onset genes (are transcribed before viral onset replication) and late genes
(transcribed after viral replication). The E1A gene product is an essential protein for viral
replication and is considered a transactivator for all other adenoviral genes(159). Because of this,
the E1A gene locus is normally deleted and replaced by foreign DNA (including cDNA sequences
encoding TAA) in recombinant adenovirus vectors used in vaccine formulations. There are
approximately 50 adenovirus serotypes in humans. Adenovirus serotypes 2 and 5 are commonly
used in the clinic(159).
A review of the literature has revealed that adenoviruses readily infect/transduce DC with
greater than 95% efficiency(161). We and others have previously shown that adenovirus
transduction of immature DC at an MOI up to 1,000 PFU:1 DC can result in a more matured
phenotype (high level expression of CD83, CD86, HLA-DR, and increased secretion of IL12p70),
with resultant DC shown to be more efficient at priming specific CD8+ T cells(161). Moreover,
we have shown that adenovirus transduction (using an MOI of 500PFU:1DC) of pre-matured DC
results in higher expression of co-stimulatory molecules and antigen processing machinery,
compared to adenovirus transduction before maturation(161).
The use of adenovirus-based DC vaccination has been reported to be superior to other
forms of DC-vaccination, such as peptide loading. Studies have shown that AdV transduced DC
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enhance tumor-antigen-specific T cell responses, compared to peptide-loaded DC(162,163). An
advantage of adenovirus transduction is that the adenovirus vector does not restrict epitope
recognition to specific human leukocyte antigen (HLA) epitopes. Adenovirus transduced DC can
be transduced with full length tumor antigens can stimulate T cells to numerous class I- and class
II-presented peptide epitopes(164-167). Peptide-loaded DC are limited to stimulating T cells with
class I and/or class II-restricted epitopes. Since adenovirus transduced DC are not restricted to
specific epitopes, they are able to increase the breadth of a generated anti-tumor immune response.
Clinical trials using AdV transduced DC have been shown to be clinically effective and
immunogenic in advanced stage melanoma patients. Trials involving transduced DC with one
tumor antigen vs multiple tumor antigens have yielded similar results(168-170). Both vaccination
methods have been proven to be safe and immunogenic, with objective clinic response rates
averaging ~5-10%. Additionally, these trials have indicated the development of determinant
spreading, NK cell activation, and vaccine-induced increases of CD8+ and CD4+ T cell responses.
All together, these data support the continued use of adenovirus-based DC vaccines for the
treatment of advanced-stage cancers.
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2.0 Statement of the Problem

2.1 Foreword

The data referenced in this chapter was adapted from a previous published research
manuscript in Journal for Immunotherapy of Cancer: Butterfield, L.H., Vujanovic, L., Santos, P.M.,
Maurer, D.M., Gambotto, A., Lohr, J., Li., C., Waldman, J., Chandran, U., Lin, Y., Lin, H., Tawbi,
H.A., Tarhini, A.A., and Kirkwood, J.M. Multiple Antigen-Engineered DC Vaccines with or without
IFNα to Promote Antitumor Immunity in Melanoma. Journal for Immunotherapy of Cancer. February
2019.

2.2 Significance of Thesis to Human Health

DC based cancer vaccines provide three essential signals (antigen presentation,
costimulation, and proinflammatory cytokine production) required to initiate Type-1 adaptive
immune responses(134,171-174). Clinical studies have shown that DC-based vaccines are capable
of generating tumor-specific immune responses and are safe. However, clinical response rates for
DC vaccines in metastatic cancer patients remain low (i.e. 5-10%)(129), indicating that critical
pathways for activating effective immunity remain unknown.
To improve clinical outcomes observed in patients, we developed a genetically-engineered
DC-based vaccine using a recombinant adenovirus coordinately expressing three shared melanoma
antigens: Tyrosinase, MART-1, and MAGE-A6 (TMM2) to promote an expanded anti-tumor
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CD4+ and CD8+ T cell repertoire. Monocyte-derived DC were first matured with rhIFN-γ +
lipopolysaccharide (LPS), and then transduced with recombinant adenovirus (AdVTMM2) before
administration to patients (n = 35) 3x via bi-weekly intradermal injections(175). A subset of
patients were randomly selected to receive IFNα-2b over the course of one month. IFNα-2b was
chosen because of its ability to skew DC function to a type 1 immune response and benefit overall
survival rates. The enrollment period for the trial was from September 2012 until November 2015.
The study design, vector design, and diagnosis status of patients at the time of enrollment, are
shown in Figure 4.
Thirty-five late staged melanoma patients were enrolled in the phase I clinical trial. Three
out of the thirty-five patients were treatment naïve, while the others previously had received
standard of care (IFN-α and/or IL-2) or checkpoint blockade therapies (Ipilimumab and/or
Pembrolizumab)(175). As stated above, patients received the vaccine 3x over the course of one
month. At that time, anyone who did show disease progression participated in a randomized IFNα2B boost treatment for an additional month (n=23). A detailed patient demographic table & study
design schema are located in Table 1.
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Figure 4. UPMC 09-021 AdVTMM2/DC Vaccine Study Design.
The study design of the UPMC 09-021 clinical trial is shown. As shown on the right side, late stage melanoma patients
were enrolled in the trial. Patients received 3 doses of the vaccine (107 DC) via intradermal injections, over the course
of one month. Leukaphersis was taken at baseline and post-vacanation. Patients that did not progress post-vacanation
participated in a randomized IFNα-2b treatment for one month. Leukaphersis was taken post-treatment. The vector
map of the AdVTMM2/DC vaccine is shown.
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Table 1. UPMC 09-021 Patient Demographics.
Detailed patient demographics from the UPMC 09-021 phase I clinical trial.

Study
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Age
82
74
82
74
44
67
42
74
66
61
56
44
74
58
52
75
64
68
64
61
60
70
28
42
52
60
59
47
60
45
66
41
46
88
52

Race
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White
White

Sex1
F
M
F
M
M
M
M
F
M
M
M
M
M
F
F
F
M
M
M
F
M
F
M
F
M
M
F
M
M
F
M
F
F
M
F

Stage

Prognosis
Group2
PD
PD
PD
PD
PD
SD
SD
SD
SD
PR
PD
SD
NED1
PD
NED2
NED2
PD
NED2
SD
NED2
PR
PD
PD
PD
PD
NED1
NED1
PD
NED1
NED1
NED1
NED2
PD
SD
SD

STAGE IIIC
STAGE IIIB
STAGE IV
STAGE IV
STAGE IV
STAGE IV
STAGE IV
STAGE IV
STAGE IV
STAGE IV
STAGE IV
STAGE IV
STAGE IIC
UNKNOWN
STAGE IV
STAGE IIB
STAGE III
STAGE IV
UNKNOWN
UNKNOWN
STAGE IV
STAGE IV
UNKNOWN
STAGE IV
STAGE IIB
STAGE IIIA
STAGE IIIB
STAGE IV
STAGE IIIA
STAGE IIIB
STAGE IIIC
STAGE IIIB
STAGE IIIB
STAGE IV
STAGE IV

1

Outcome
Group3
Bad
Bad
Bad
Bad
Bad
Good
Good
Good
Good
Good
Bad
Good
Good
Bad
Bad
Bad
Bad
Bad
Good
Bad
Good
Bad
Bad
Bad
Bad
Good
Good
Bad
Good
Good
Good
Bad
Bad
Good
Good

Overall
Survival4
6.37
14.03
13.63
1.07
0.67
39.80
20.00
13.07
27.43
44.33
14.833
41.73
42.53
28.43
42.70
38.60
4.63
39.90
3.50
20.27
40.17
3.03
11.20
3.27
0.67
36.13
35.87
11.8
32.33
37.50
37.30
26.57
1.67
8.27
24.27

Progression
Free Survival4
3.20
2.03
2.10
0.80
0.40
5.53
7.23
8.77
5.73
13.47
1.77
3.93
18.43
1.70
6.97
9.30
2.37
5.07
3.23
19.27
7.30
2.03
2.13
2.13
0.67
3.67
13.73
1.63
14.00
37.50
30.70
2.53
0.90
3.37
13.07

M: Male; F: Female
2PD: Progressive Disease, SD: Stable Disease, NED1: No Evidence of Disease at time of enrollment and remained
NED for ≤ 18 months, NED2: No Evidence of Disease at time of enrollment and remained NED for ≥ 18 months, PR:
Partial Responder (RECIST)
3
Clinical Outcome groups used for experimental analysis. Patients who did not progress during the trial where
considered to have a “good” outcome, while patients who progressed were considered to have a “bad” outcome
4
Time in months
2
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Clinical status of the patients indicated that the median overall survival was 724 days, while
the median progression free survival was reported to be 336 days. 12 individuals progressed early
and were not considered for the randomized IFNα-2b cytokine boost. Out of the remaining 23
patients, 8 achieved stable disease, 2 showed partial tumor regression, and 6/11 patients who had
no evidence of disease at the start of the trial (had prior metastasis), remained progression free for
at least 18 months. The remaining patients all showed tumor progression.
Similar to previous DC-based vaccine studies, patients had measurable CD8 + and CD4+
antigen-specific responses. However, expression of important DC markers (HLA-DR, CD11c,
CD40, CD80, CD83, CD86 and CCR7) on vaccine DC did not correlate with immune or clinical
outcomes (Figure 5A). Furthermore, Cox regression analysis revealed these markers were not
prognostic factors for overall survival (OS) or progression free survival (PFS) (Table 2). Unlike
some prior reports, DC production of IL12p70 (either spontaneous or after CD40L-induced
activation), an essential cytokine for promotion of type 1 immunity, also failed to correlate with
immune or clinical outcomes (Figure 5B). This was also the case for DC production of the
immunoregulatory molecule IL-10 (Figure 5C). RNA levels of most these cell surface and secreted
molecules increased with DC maturation, as expected, but RNA levels also failed to correlate with
objective clinical outcomes (Figure 5D-E).
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Figure 5. Consensus DC Phenotypic and Potency Biomarkers do not Correlate with Clinical Outcome.
Consensus markers associated with immunostimulatory DC were assessed by flow cytometry after patient DC
adenoviral transduction (AdV/DC) (A). DC were gated based on FSC vs SSC profiles, with IgG isotype-matched
antibodies used to define negative control staining patterns. Spontaneous (B) and CD40L-induced (C) IL12p70 and
IL-10 secretion from DC were assessed in culture supernatants by Luminex. Patients (n=35) were segregated by
clinical outcome, and data comparisons were performed using unpaired student t-tests or Wilcoxon rank sum tests
(CD80, CD40, CD11c, and IL12p70/IL10 comparisons) to determine significance. ns = not significant. Microarray
analysis of critical DC genes (D), spontaneous or induced IL12A, IL12B, and IL10 transcriptional levels (E) in DC
subtypes from melanoma patients(n = 33). Patients are segregated based on clinical outcome, with the significance of
inter-group differences for IL10 and ITAX determined using a one-way ANOVA analysis with Tukey’s multiple
comparison test. All other inter-group differences were assessed using the Kruskal-Wallis one-way ANOVA with
Dunnett’s multiple comparison test. **: p value ≤ 0.01, ****: p value≤ 0.0001, ns= not significant.
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Table 2. Critical DC Markers are not Prognostic Factors for Overall Survival or Progression Free Survival in
Advanced Melanoma Patients.
Univariate Cox regression analysis for associations between critical DC markers (MFI) on AdVTMM2 (n=35)
assessed prior to patient administration at baseline and OS and PFS. The hazard ratio, significance values, and 95%
Confidence Intervals for each of these markers are listed .

Endpoint
OS

Factor
HLA-DR
CD80
CD86
CD83
CCR7
CD40
CD11c

Endpoint
PFS

Factor
HLA-DR
CD80
CD86
CD83
CCR7
CD40
CD11c

Cell Type
AdV/DC
AdV/DC
AdV/DC
AdV/DC
AdV/DC
AdV/DC
AdV/DC

Cell Type
AdV/DC
AdV/DC
AdV/DC
AdV/DC
AdV/DC
AdV/DC
AdV/DC

HR
1.1
1.3
0.74
0.88
1
1.2
1

HR
1.1
1.1
0.82
1.2
0.9
1.2
1.3

95% CI for HR
(0.73-1.7)
(0.87-1.9)
(0.43-1.3)
(0.59-1.3)
(0.73-1.4)
(0.68-2)
(0.95-1.06)

95% CI for HR
(0.74-1.5)
(0.79-1.5)
(0.55-1.2)
(0.86-1.6)
(0.63-1.3)
(0.73-1.8)
(0.73-1.73)

p
0.59
0.21
0.28
0.55
0.9
0.57
0.88

p
0.73
0.61
0.36
0.32
0.57
0.52
0.59

Overall, the data suggested that the AdVTMM2 DC vaccine was immunogenic and was
capable of stimulating T cell responses against melanoma. However, the clinical response rate
(defined as complete or partial response) was a dismal 5.7%. This suggests melanoma patient
monocyte-derived DC may be inferior at stimulating immune responses, compared to healthy
donors (HD). Additionally, given clinical outcome data from these patients and our previous
findings that vaccine efficacy did not correlate with administered DC expression of commonly
tested costimulatory molecules (CD80, CD86) or IL-12p70 levels(175), molecules correlating with
clinical outcomes need to be identified. In the current study, gene and protein expression profiling
was performed to identify key biomarkers associated with in vivo DC immunogenicity and positive
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clinical response to DC-based vaccination. By understanding the mechanisms and proteins behind
DC functionality, we will be able to generate superior DC vaccines, and possible combination
therapies, that will hopefully lead to a higher clinical response rates in advanced melanoma
patients.
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3.0 . Melanoma Patient & HD DC Increase Checkpoint Molecule Surface Protein
Expression Post-Maturation, and Patient DC Have Reduced Expression of the CoStimulatory Molecule, ICOSL

3.1 Foreword

Portions of this chapter were adapted from the previous published research manuscript in
Cancer Immunology Research: Maurer, D.M., Adamik, J., Santos, P.M., Shi, J., Shurin, M.R.,
Kirkwood, J.M., Storkus, W.J., Butterfield, L.H. Dysregulated NF-B-dependent ICOSL
Expression in Human Dendritic Cell Vaccines Impairs T Cell Responses in Melanoma Patients.
Cancer Immunology Research, 2020.

3.2 Graphical Summary

Figure 6. Graphical Summary for “Melanoma Patient & HD DC Increase Checkpoint Molecule Surface
Protein Expression Post-maturation, and Have Decreased Expression of the Co-stimulatory Molecule, ICOSL,
Compared to HD”.
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3.3 Introduction

To identify critical molecules important for promotion of anti-tumor T cell responses, 11
different costimulatory and immune checkpoint molecules that have been implicated as being
important for antigen presentation and T cell activation were targeted for investigation.
Cryopreserved elutriated monocytes from melanoma patients and HD were used. Clinical
protocols & reagents for DC generation (day5 iDC), maturation (day6 mDC), and transduction
(day7 AdVTMM2/DC) were followed to ensure in vitro recapitulation of the clinical trial. Cell
culture supernatants were collected for each DC subtype. These supernatants would be used to test
for chemokine and cytokine secretion from patient and HD cells using Luminex assays.
Additionally, transcriptional profiling of patient DC was performed on day 5 iDC, day 6 mDC,
and day 7 AdVTMM2/DC. Transcriptional analyses revealed significant changes in gene
expression of targeted molecules due to maturation, with additional changes post-AdVTMM2
antigen engineering.
The initial protein screen observed surface protein expression of PD-1, PDL-1, PD-L2,
CTLA-4, LAG-3, Galectin-9, OX40L, CD70, B7-H4, B7-H5, and ICOSL on iDC, mDC, and
AdVTMM2/DC from patients and HD. Surface protein expression was examined using FACS
analysis. To validate the observed mean fluorescent intensities of the targeted molecules on iDC,
mDC, and AdVTMM2/DC, cryopreserved vaccine lots from two individual patients were used.
Surface protein expression of eight out of the eleven molecules (PD-1, PDL-1, PD-L2, CTLA-4,
LAG-3, B7-H4, B7-H5, and ICOSL) was validated using the vaccine lots; validation thresholds
were set at ≤ 10% change of positive frequencies.
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3.4 Materials & Methods

AdVTMM2 Virus. The replication-deficient E1/E3-deleted Ad5 TMM2 virus coordinately
encoding full-length cDNAs for tyrosinase, MART-1, and MAGE-A6 used in this study was
manufactured as previously described(176). DCs, generation described below, were harvested
24hrs. post-maturation and transduced with the adenovirus at an MOI of 400. CellGenix GMP DC
Medium, serum free (CellGenix, #20801-0500) was used for the transduction. DCs and the
AdVTMM2 virus in CellGenix medium were incubated for 3hrs. at 37°C, and then washed with
PBS. The vector map is shown in Figure 3.

DC Generation from Cryopreserved Monocytes. Patient and healthy donor (HD) PBMCs were
isolated by leukapheresis and elutriation(175). Fractioned cells were cryopreserved using freezing
cryovials, 1.8 mL internal thread (Nunc Cat. No. 368632). Freezing media contained 20% DMSO
in Dulbecco’s Modified Eagle Medium (Gibco/Invitrogen, Catalog #11885), complete media
[20% heat-Inactivated Fetal Bovine Serum (FBS) (Gibco/Invitrogen, Catalog #16000), 1% Lglutamine (Gibco/Invitrogen, Catalog # 25030), and 1% pen/step (Gibco/Invitrogen, Catalog
#15140)]. Monocyte-enriched fractions were thawed using RPMI (Gibco/Invitrogen, Catalog
#11875-085) complete media [1% pen/strep, 1% L- glutamine, 10% FBS Heat-Inactivated Serum
(Gibco-Invitrogen, Catalog #16000-044), and 0.5% DNase (Sigma, Catalog # DN-25)]. Cells were
centrifuged at 1200 RPM (31 x g) for 10 minutes and then washed twice with PBS. Cells were
counted, analyzed for viability using Trypan Blue Stain 0.4% (Gibco, Catalog #15250-061), and
plated at 1 x 106/mL in CellGenix DC medium, serum free (CellGenix, Catalog #20801-0500). To
culture patient DCs for checkpoint and costimulatory protein surface molecule expression, the
conditions were identical to Standard Operating Procedures used in the clinical trial [Cell Genix
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with GM-CSF (1000 U/mL; Genzyme and Sanofi) and IL4 (1000 U/mL; Cell Genix)](12). For all
other experiments, research grade reagents were used [AIMV Media (Gibco-Invitrogen) with GMCSF (800U/mL; Genzyme and Sanofi) and of IL4 (500 U/mL; Cell Genix)]. On day 5, immature
DCs (iDCs) were matured by addition of rhIFNγ (1000 U/mL; Actimmune and R&D Systems) +
LPS (250 ng/mL; Sigma-Aldrich) in CellGenix DC medium, serum free for 24hrs. (mDCs).
Matured DCs were transduced with clinical-grade TMM2 adenovirus at a MOI of 400 for 3hrs. at
37°C, and then washed with PBS. Cells were rested overnight in DC media with IL4 and GM-CSF
(1000 U/mL; AdVTMM2/DC).

Cell Surface FACS Analyses. DC were harvested, washed twice with PBS, prior to counting and
assessment of viability by trypan blue dye exclusion. Viability was validated by the use of Zombie
Aqua Viability Dye (BioLegend #423101). The viability dye was used per manufacturer’s
instructions. Cells were washed with FACS buffer (2% BSA, and 0.02% NaN 3 in PBS). Fc
blocking was done using 5% Human Antibody Serum (Corning) for 25 min at 4°C. Antibody
staining was performed for 20 min at 4°C. Cells were washed and fixed using 2%
paraformaldehyde for 30 min at RT or overnight at 4°C. FACS analyses were performed using the
BD LSR Fortessa II (BD Biosciences), with data analyzed using FlowJo v10 software. DC were
identified as HLA-DR+/CD86+ double positive cells. Mean fluorescence intensity (MFI) or positive
frequencies were determined after correcting for background staining using an isotype control. A 2%
threshold was used to determine positive staining (Figure 7).
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Figure 7. Gating Strategies used for DC identification.
Gating strategy used to assess checkpoint and costimulatory molecule surface expression on HD and patient DC (A).
Monocytes were gated based on FSC vs SSC gating (B), followed by single-cell/viability gating (C). HLA-DR+CD86+
double-positive DC were then analyzed for co-expression of the indicated DC markers, immune checkpoint molecules
and costimulatory molecules by flow cytometry (D). Isotype controls were used to account for background staining.
Molecules of interest were considered to be expressed on the surface of DC if positive staining was greater than 2%,
compared to background (isotype) levels.

Antibodies. The following antibodies were used for assessment of costimulatory and checkpoint
molecule expression on DC subsets: FITC Mouse Anti-Human HLA-DR (BD Biosciences
Catalog#555811), PE-Cy7 Mouse Anti-Human CD86 (BD Biosciences Catalog#561128), BV 421
Mouse Anti-Human PD-L1 (BioLegend Catalog#329714), BV 711 Mouse Anti-Human PD-L2
(BD Biosciences Catalog#564258), BV711 Mouse IgG1,  Isotype Control (Biosciences
Catalog#563044), BV786 Mouse Anti-Human CTLA-4 (BD Biosciences Catalog#563931),
BV786 Mouse IgG2a,  Isotype Control (BD Biosciences Catalog#563732), ICOSL (BD
Biosciences Catalog#564276), BV 421 Mouse IgG2b,  Isotype Control Antibody (BioLegend
Catalog#400342), PE Mouse Anti-human CD252 (BioLegend Catalog# 326308), PE Mouse IgG1,
 Isotype Control (BioLegend Catalog#400114), PE Mouse Anti-Human Galectin-9 (BD
Biosciences Catalog #565890), PE Mouse Anti-Human CD70 (BD Biosciences Catalog#555835),
PE Mouse IgG3,  Isotype Control (BD Biosciences Catalog#556659), Human B7-H4 Alexa Fluor
647-conjugated Antibody (R&D Systems, Catalog#FAB6576R-100), Mouse IgG2B Alexa Fluor
647-conjugated Isotype Control (R&D Systems, Catalog# IC0041R), Human VISTA/B7-H5/PD1H Alexa Fluor 750-conjugated Antibody (R&D Systems, Catalog# FAB71261S), Mouse IgG2B
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Alexa Fluor 750-conjugated Isotype Control (R&D Systems, Catalog# IC0041S), Alexa Fluor®
647 Mouse anti-Human CD279 (BD Biosciences, Catalog#560838), Mouse IgG1,  Isotype
Control (BD Biosciences Catalog#557714), and Alexa Fluor® 647 Mouse Anti-Human LAG-3
(BD Biosciences, Catalog#565717).

Luminex. Human Checkpoint 14-plex (Thermo-Fisher Procarta Plex) was used for detection of
checkpoint and costimulatory molecules in culture supernatants. A custom 2-Plex (Thermo-Fisher
Procarta Plex) for granzyme-B and IFN-γ was used for detection of granzyme-B. Immune
Monitoring 65-Plex (Thermo-Fisher Procarta Plex) was used for the detection of chemokine and
cytokine secretion in DC culture supernatants. Serum was diluted 1:1 per manufacturer’s
instructions, analyzed in a BioRad BioPlex System 100. Experimental data was analyzed using
five-parametric curve fitting and assay controls included kit standards and multiplex QC controls
(R & D Systems).

Transcriptional Analysis of Costimulatory/Checkpoint Molecules. RNA from DC preparations
was collected using the All Prep RNA/Protein kit (Qiagen#80404). cDNA was synthesized using
the qScript cDNA Synthesis Kit (Quantabio). QPCR was performed using standard Taqman
primers (listed below) and the Express qPCR supermix (Thermo Fisher #1178501K). The
following primers were used: CD274 (Hs00204257_m1), CTLA-4 (Hs00175480_m1), and
ICOSLG (Hs00391287_m1). HPRT1 (Hs99999909_m1) was used as a housekeeping control. All
experiments were done in triplicates using the StepOne Plus Real-time PCR System (Applied
Biosystems). Gene expression was calculated and normalized to the HPRT1 endogenous control
using the Livak and Schmittgen method (2 -ΔCT).

39

DC Microarrays. Patient-derived immature, matured, and adenovirally-transduced DCs were
harvested (as described above), washed with PBS, and centrifuged at 1200 RPM (30 x g). Cell
pellets were collected and resuspended in RNAlater (Invitrogen; Catalog #AM7021), placed at
4°C overnight, and then moved to -80°C for storage. RNA was analyzed using HUGENE 2.0 ST
gene arrays (Affymetrix) (GSE157738). Human microarray and qPCR data from patients
confirmed in vitro adenovirus transduction based on increased expression of transcripts for
Tyrosinase, MART-1and MAGE-A6, as well as the adenoviral hexon gene product (Figure 8AB). A publicly-available HD DC dataset was used as for comparison (GSE111581)(177) using the
same maturation protocol in preparing DC from both patients and HD. Patient and HD microarray
data and differential gene expression was analyzed using R statistical packages, limma (Version
3.38.3)(178) and oligo (Version 3.9)(179). The Robust Multi-Average (RMA) method was used
to normalize the data and the Benjamin-Hochberg Procedure was used to adjust for type 1 error
rate. Ingenuity Pathway analysis software (QIAGEN Bioinformatics) was used for comparative
analysis between patient and HD datasets. The patient and HD datasets used different gene array
platforms, hence pathway analysis focused on opposing trends that might underlie differential gene
profiling. Pathways and/or genes with the same directional pattern (activation or inhibition) were
not prioritized for further consideration. Significant adjusted p value and log fold change
thresholds were set at 0.05 and 1.2, respectively.
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A

B

Figure 8. Confirmation of Efficient AdVTMM2 Transduction of Patient DC by Microarray and QPCR.
Differential expression analysis of patient DC (pre/post AdVTMM2 infection) was performed (n=33) using
microarrays focusing on vector inclusive transcripts from Tyrosinase, MART-1/MLANA, MAGE-A6 and AdV
Hexon-1 (A). A volcano plot is depicted with vector-associated melanoma antigen transcripts indicated. QPCR
analysis was performed in a subset of patients (n=6) to verify the microarray data (B). The Y axis is expanded on the
left to show differences in encoded tumor antigen expression. Shown is a heatmap for the top 62 differentially
expressed genes (FC > 2 and type 1 error rate of 0.05) in iDC, mDC and AdV/DC of melanoma patients (n=32) (A).
Secreted IL-10 levels in melanoma patient mDC (n=22) compared to HD (n=4) (B).

Clinical Outcome Comparison Groups. For all analysis, clinical outcome groups were defined
based on time to progression (Table 1). Patients who showed tumor regression (PR), remained
stable (SD), or were considered “No Evidence of Disease” at enrollment and remained NED for at
least eighteen months (NED1) were considered to have “favorable/good outcomes”. Patients who
had early tumor progression or were considered “No Evidence of Disease” at enrollment, but
remained NED for less than eighteen months (NED2) were considered to have “bad outcomes”.
Eighteen months was chosen for the cutoff because it is clinically meaningful.

Statistical Analysis. Based on data distribution, t-tests or Wilcoxon rank-sum test were used for
most of the analyses. The Shapiro-Wilk test was used to assess data normality. When appropriate,
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one-way ANOVA or Kruskal-Wallis one-way ANOVA tests were performed. To test for multiple
comparisons, a Dunnett multiple comparison or Tukey comparison test was used. Additionally,
Pearson or Spearman’s correlation coefficients and linear regression models were calculated to
determine associations present. Kaplan-Meier (KM) curves and Cox proportional-hazards
modeling were carried out using the R packages survival (version 3.1-8) and survminer (version
0.4.6). P values are represented as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, **** p ≤ 0.0001. Graphs
were generated using the R package ggplot2 (Version 3.1.1) and GraphPad Prism v7.

3.5 Results

3.5.1 DC Exhibit Increased Cell Surface Expression of PD-L1, PD-L2, and CTLA-4 PostMaturation

HD and patients expressed the co-inhibitory molecules, PD-1, LAG-3, PD-L1, PD-L2, and
CTLA-4 at baseline (iDC), but then quickly lost surface expression of PD-1 and LAG-3 postmaturation (data not shown). In contrast, HD and melanoma patient DC expressed higher levels of
PD-L1, PD-L2, and CTLA-4, post-maturation and after adenoviral transduction vs. baseline
(Figure 9A). We observed a significant direct correlation between CTLA-4 and PD-L1 surface
expression on AdVTMM2/DC from patient cells (Figure 9B). In addition to the protein surface
analysis, transcriptional profiling of patient DC was performed, revealing significant changes in
gene expression due to maturation, with additional changes post-AdVTMM2 antigen engineering.
CTLA4 mRNA expression in AdVTMM2/DC was inversely correlated to mRNA transcript levels
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of the costimulatory molecule, CD80, and the Th1 polarizing cytokine subunit, IL12p35 (Figure
9C). We also determined that CTLA4 mRNA expression in AdVTMM2/DC was positively
associated with IL10 mRNA levels (Figure 9C). Additionally, transcriptional profiling and protein
analyses of patient DC revealed melanoma patients expressed high levels of immunoregulatory
molecules, such as IL-10 and IDO (Figure 10A-B). While it is known that maturation of DC can
lead to increased stimulatory capacity, these data suggest DC regulatory networks that could
contribute to limitations in T cell activation.
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Figure 9. HD and Patient DC Express Higher Levels of Surface Expression of PD-L1, PD-L2 and CTLA-4 Postmaturation and Viral Transduction. AdVTMM2/DC Expression of Checkpoint Molecules is Directly
Correlated to Cytokine and Co-Stimulatory Molecule Transcript Levels.
DC surface expression of immune checkpoint molecules PD-L1 (A, left), PD-L2 (A, right) an CTLA-4 (A, second
row) on DC subtypes (Day 5 iDC, Day 6 mDC, and Day 7 AdV/DC) by flow cytometry in HD (n=4) and melanoma
patients (n = 32). Patients were segregated based on clinical outcomes. Significance of inter-group differences for PDL1 & CTLA-4 expression on patient cells and CTLA-4 expression on HD were determined using the Kruskal-Wallis
one-way ANOVA with Dunnett’s multiple comparison test. PD-L2 expression ion patient & HD DC and PD-L1
expression. Patient DC were determined using one-way ANOVA analysis with Tukey’s multiple comparison test. *:
p value ≤ 0.05, **: p value ≤ 0.01, ***: p value ≤ 0.001, ****: p value≤ 0.0001. Correlation of AdV/DC surface
protein expression (flow cytometry; MFI) of PD-L1 and CTLA-4 (n=32) (B). Correlations of CTLA4 with IL12A,
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CD86, and IL10 transcriptional levels in patient AdV/DC (n=33) (C). Patients are segregated based on clinical
outcomes. Spearman correlations were used to assess the relationship between PDL1 and CTLA4 surface protein on
AdV/DC, as well as to assess the relationship between CTLA4 and CD80. Pearson’s R was used to determine the
correlation between CTLA4 and IL12A and the correlation between CTLA4 and IL10.

Figure 10. Melanoma Patient mDC Express the Immunosupressive Molecules, IDO1 and IL-10.
Shown is a heatmap for the top 62 differentially expressed genes (FC > 2 and type 1 error rate of 0.05) in iDC, mDC
and AdV/DC of melanoma patients (n=32) (A). Secreted IL-10 levels in melanoma patient mDC (n=22) compared to
HD (n=4) (B). Patients were segregated based on clinical outcomes and unpaired student T tests were used to
determine the significance of inter-group differences. *: p value ≤ 0.05.
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3.5.2 ICOSL Cell Surface Expression is Reduced on Patient DC and is Negatively
Associated with the Immunosuppression Molecule, IL-10

The preliminary protein screen revealed both HD and melanoma patient monocyte-derived
DC rarely express the costimulatory molecules, B7-H4 and B7-H5. However, it was observed that
surface expression of the costimulatory molecule, ICOSL, was reduced on both patient and HD
DC upon maturation and subsequent viral transduction (Figure 11A, Figure 11). Importantly, the
level of ICOSL expression on patient-derived DC was significantly lower than that of DC from
HD (Figure 11A, Figure 12). Moreover, patients exhibited a more significant decrease in ICOSL
cell surface expression when iDC were matured (Figure 13). No clinical correlations were
observed with ICOSL surface protein expression. In addition, we observed significant negative
correlations with surface ICOSL expression and IL-10 production from patient mDC and
AdVTMM2/DC (Figure 11B). Unlike the maturation induced changes observed with the coinhibitory molecules, the differences in ICOSL surface expression observed between HD and
patients were patient-specific.
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Figure 11. ICOSL Protein Expression is Reduced on Melanoma Patient DC vs HD DC and Negatively
Correlates with IL-10, while ICOSLG mRNA Expression Positively Correlates with IL12B Expression &
Patient Survival Rates.
ICOSL protein surface expression was analyzed on melanoma patient (n=30) DC subtypes and HD (n=4) by flow
cytometry. Representative histograms from a patient and HD are shown for each DC subtype. Background staining
was corrected with isotype (red) controls (A, left). Quantified ICOSL MFI values are shown (A, right). Patients were
segregated by clinical outcomes, with intergroup significance determined using unpaired Wilcoxon rank sum test (A).
mDC and AdV/DC ICOSL levels positively correlate with IL-10 levels (n=22) (B). Microarray and qPCR analysis of
ICOSLG transcript levels in patient DC (n=33, iDC, mDC, AdV/DC) (C). Patients were segregated by clinical
outcomes, with intergroup significance determined using unpaired Kruskal-Wallis one-way ANOVA (C, left and right
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panels) or paired student t-test (one-tailed) (C, middle panel). Kaplan-Meier (KM) curves reveal iDC mRNA levels
of ICOSLG are associated with OS and PFS in patients (n=33) (D). AdV/DC ICOSLG mRNA expression positivity
correlates with IL12B mRNA expression in favorable clinical outcome patients (E). Correlations were calculated using
Pearson’s correlation coefficients and the data was log transformed to meet normality assumptions (E). *: p value ≤
0.05, **: p value ≤ 0.01.

Figure 12. ICOSL Protein Expression is Reduced on Melanoma Patient DC vs HD DC.
Gating for positive frequencies of ICOSL are shown for a representative patient and HD. Quantified frequencies are
also graphed for each DC subtype. *: p value ≤ 0.05

Figure 13. Patient DC Express Significantly Less Surface ICOSL Post-maturation, Compared to HD.
ICOSL protein surface expression (flow cytometry, MIF) was analyzed in HD (n=4) and melanoma patient (n=30)
DC subtypes. *: p value ≤ 0.05, ****: p value≤ 0.0001.
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3.5.3 ICOSLG iDC Expression Correlates with Clinical Outcome and OS in Melanoma
Patients

Transcriptional profiling of patient iDC, mDC, and AdVTMM2/DC indicated that baseline
expression levels of ICOSLG correlated with clinical outcome (Figure 11C, middle panel).
Additionally, survival analysis revealed that higher ICOSLG expression at baseline was associated
with OS and PFS in patients (Figure 11D). No direct association was observed with mDC or
AdVTMM2/DC ICOSLG expression and survival. Interestingly, when patients were separated by
clinical outcome, IL12B (IL12p40) expression had a significant positive association with ICOSLG
expression (Figure 11E) in AdVTMM2/DC.

3.6 Discussion

Based on the observation that classical DC markers did not correlate with clinical
responsiveness, we sought out to identify molecules and signaling pathways that impact patient T
cell responses to vaccination and clinical outcomes. We initially targeted 11 co-stimulatory and
co-inhibitory molecules that have either been reported or suggested to be important for antigen
presentation and T cell activation. Protein expression of these checkpoint and costimulatory
molecules was examined in iDC, mDC and AdVTMM2/DC. Protein surface expression of the
checkpoint molecules, PD-L1, PD-L2, and CTLA-4, were significantly upregulated in DC postmaturation. PD-L1 and CTLA-4 have both been independently shown to be regulated by JAK2
and STAT1 via IFN- signaling(50,180), which may explain the increase in surface expression of
these molecules. We have recently shown that the blockade of PD-1 during recall antigen
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presentation by DC had minimal impact on induced T cell responses(181). However, CTLA4
mRNA expression correlated negatively with CD86, CD80 and IL12p35 mRNA expression levels
in patient DC, and was positively correlated with IL10 mRNA. Together, these findings suggest
that melanoma patient-derived DC are hypo-stimulatory and suggest areas for targeted
improvement.
We identified ICOSL as being differentially expressed between patient and HD DC.
Importantly, the differential surface protein expression of ICOSL observed between HD and
patients was patient-specific. iDC, mDC, and AdVTMM2/DC from patients displayed lower
surface expression levels of ICOSL, compared to HD. There was a gradual decline in ICOSL
expression post-maturation in DC from both HD and patients, which differs from what has been
previously reported for monocyte-derived DC from healthy donors(182).
Transcriptional profiling of patient DC revealed that ICOSLG mRNA expression overall
was not significant in the differential expression analysis. However, we did observe a significant
difference in ICOSLG mRNA expression in iDC, when patients were separated by clinical
outcome. Additionally, survival analysis indicated baseline levels of ICOSLG mRNA expression
was significantly associated with OS and PFS. These data suggest that the clinical associations
observed with ICOSL, noted above, may be imprinted and due to deficiency in patient precursor
cells.
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4.0 ICOSL Protein Expression from Melanoma Patient DC Correlate with a Th1-skewing
Phenotype, and is Associated with In vivo Antigen-Specific T Cell Responses and Survival
Rates

4.1 Foreword

Portions of this chapter were adapted from the previous published research manuscript in
Cancer Immunology Research: •Maurer, D.M., Adamik, J., Santos, P.M., Shi, J., Shurin, M.R.,
Kirkwood, J.M., Storkus, W.J., Butterfield, L.H. Dysregulated NF-B-dependent ICOSL
Expression in Human Dendritic Cell Vaccines Impairs T Cell Responses in Melanoma Patients.
Cancer Immunology Research, 2020.

4.2 Introduction

The data in the previous chapter highlighted that melanoma patients have significantly less
ICOSL protein surface expression on their DC, compared to HD counterparts. Additionally,
protein surface expression of ICOSL significantly negatively correlated with IL-10 secretion
levels. The transcriptional profiling of ICOSLG revealed an increase in mRNA expression postmaturation and viral transduction, which is the inverse of what was observed at the protein level.
It was hypothesized that post-translational modifications of ICOSL protein, such as shedding, was
responsible for the decrease in cell surface expression of this molecule on DC. ICOSL-specific
ELISA assays were used to measure soluble ICOSL (sICOSL) in cell culture supernatants
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collected from the in vitro recapitulation experiments discussed in Chapter 3. Importantly,
ICOSLG mRNA expression at baseline positively correlated with survival rates and clinical
outcome in patients, further supporting the possible functional importance of human DC.
Overall, these data indicate that ICOSL might be functionally important for the generation
of optimal anti-tumor immune responses as a consequence of specific vaccination. It was therefore
hypothesized that ICOSL protein expression from melanoma patient DC would correlate with in
vivo antigen-specific immune responses and a Th1-skewing phenotype. To investigate this, IFN-
ELISPOT assays and Luminex assays (measuring levels of secreted chemokines and cytokines)
were used to assess specific T cell responses against Tyrosinase, MAGE-A6, and MART-1 postvaccination.

4.3 Materials & Methods

Soluble ICOSL ELISA. Soluble ICOSL concentrations were determined using the Human B7H2 Duo Kit ELISA (R&D #DY165-05) and the DuoSet ELISA Ancillary Reagent Kit 2 (R&D
#DY008). R&D company protocols were followed. Cell culture supernatants were diluted at either
a 1:5 ratio (AdV/DC supernatants) or 1:2 ratio (mDC supernatants). All standards and samples
were run in triplicate. Absorbance readings were read using the Spectramax 340PC Microplate
Reader (Molecular Devices). The concentrations of the standard controls were used to generate a
standard curve using SoftMax Pro Software (Version 4). Sample concentrations were determined
by interpolating absorbance readings of samples to the generated standard curve.
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Clinical Comparison Groups. Please refer to “Materials & Methods”, Chapter 3, page 38.

Statistical Analysis. Please refer to “Materials & Methods”, Chapter 3, page 38.

4.4 Results

4.4.1 sICOSL Levels from Patient mDC are Associated with Survival Rates in Patients and
Correlate with Th1 Polarizing Chemokines

The transcriptional analysis of patient DC mentioned above indicated baseline levels of
ICOSLG increased post-maturation (Figure 11C, right and left panels), which was in contrast to
the ICOSL surface protein expression. Therefore, post-translational processing of ICOSL in DC,
such as shedding, was investigated. sICOSL levels were detected in patient and HD DC culture
supernatants. Interestingly, sICOSL levels increased significantly post-maturation, compared to
iDC levels, in patient cells (Figure 14A), which might explain the differences observed between
mRNA expression and protein expression of ICOSL. Additionally, sICOSL levels from patient
mDC correlated with clinical outcome (Figure 14A). No significant changes were observed in
sICOSL levels from HD DC, post-maturation (Figure 14B). Survival analysis comparing sICOSL
levels from patient mDC revealed higher production of sICOSL was associated with longer OS
and PFS rates (Figure 14C). Additionally, sICOSL secretion from patient mDC significantly
correlated with the Th1 polarizing and effector T cell recruiting chemokines, MIP-1α and CCL9
(Figure 14D). sICOSL was also detected 24hrs post-viral transduction in AdVTMM2/DC
supernatants from both HD and patients (Figure 15). It is important to note that there was a washout
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period after viral transduction, so the levels of sICOSL detected in AdVTMM2/DC should not be
viewed as the “net total”. We calculated cumulative totals (mDC + AdV/DC sICOSL levels) to
estimate the total of sICOSL produced from day 7 AdV/DC for each patient/HD.
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Figure 14. sICOSL Correlates with Favorable Clinical Outcomes, Th1 chemokines, and Survival Rates in
Patients.
Soluble ICOSL (sICOSL) levels were determined in patient (n=16) matched pairs (n=8) (iDC and mDC, panel A
(left)) and nonmatched (n=16, panel A (right)) DC culture supernatants using a specific ELISA. sICOSL of HD was
determined in matched pairs (n=4, panel(B)). Patients were segregated by clinical outcomes, with intergroup
significance determined using unpaired (A, left panel)) or paired (A, right panel)) Wilcoxon rank sum tests. KM
curves reveal mDC sICOSL levels correlate with overall survival and PFS in patients (n=15) (C). The log-rank p
value is indicated on the KM plot (C). mDC sICOSL levels positively correlate with the Th1 chemokines, MIP-1α
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and CXCL9 (n=11) (D). Correlations were calculated using Pearson’s correlation coefficients (D). The data was log
transformed to meet normality assumptions (D, right panel). *: p value ≤ 0.05, **: p value ≤ 0.01, ns= not
significant.

Figure 15. Patient and HD AdVTMM2/DC Secrete sICOSL.

sICOSL levels were determined in patient (n = 7) or HD (n=4) matched pairs mDC & AdV/DC culture
supernatants using a specific ELISA. Due to a washout step following viral transduction, the levels of
sICOSL detected in AdVTMM2/DC do not represent “net total”. We calculated cumulative totals
(mDC + AdV/DC sICOSL levels) to estimate the total of sICOSL produced from day 7 AdV/DC for
each patient/HD

4.4.2 ICOSL Surface Protein Expression on AdVTMM2/DC is Associated with In vivo
Antigen -Specific T Cell Responses and sICOSL Correlates with Aggregate Vaccineinduced T cell Responses

Once we observed the correlations between ICOSL expression and patient survival rates,
we hypothesized that ICOSL expression was potentially important for generation of optimal
immune responses. ICOSL surface protein expression on patient AdVTMM2/DC was positively
associated (p = 0.002) with the ability of these APCs to induce specific CD8+ T cell responses
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against Tyrosinase in vivo (Figure 16A). In addition, increased levels of sICOSL positively
correlated with the magnitude of aggregate vaccine-induced CD8+ T cell responses (Figure 16B),
suggesting the functional importance of sICOSL in anti-tumor immunity. Calculated hazard ratios
determined sICOSL was a positive predictive prognostic factor for OS and PFS in these patients,
while surface ICOSL on AdVTMM2/DC was a positive predictive prognostic factor only for OS
(Table 3). Together, these data suggest ICOSL might be important for antigen-specific T cell
responses.

Figure 16. ICOSL Surface Protein Expression on Patient AdV/DC and sICOSL from Patient mDC are
Associated with in vivo Antigen-specific T cell Responses.
ICOSL protein surface expression on AdV/DC correlates with in vivo vaccine-specific Tyrosinase CD8+ responses
(determined using IFN-γ ELISPOT assays) (n=25). The data was log transformed to meet normality assumptions.
Pearson’s R correlation was used to determine the correlation significance (A). ICOSL detected in supernatants from
patient mDC correlated with bulk tumor-associated CD8+ T cell responses in patients (n=12). Patients were segregated
by clinical outcomes, with intergroup significance determined using paired student t-tests (B). *: p value ≤ 0.05
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Table 3. sICOSL is a Prognostic Index for Extended Overall Survival and Progression Free Survival of
Melanoma Patients.
Univariate Cox regression analysis for sICOSL protein levels (n=15) or surface ICOSL MFI values (n=30) from
baseline mDC culture supernatants or mDC and AdV/DC cells, respectively. The hazard ratios, significance values,
and 95% Confidence Intervals for OS and PFS are listed.

Endpoint

Factor

Cell Type

HR

OS

sICOSL
ICOSL MFI
ICOSL MFI
sICOSL
ICOSL MFI
ICOSL MFI

mDC
mDC
AdV/DC
mDC
mDC
AdV/DC

1
0.66
1.72
1
1.33
1.32

PFS

95% CI for
HR
(0.082-0.81)
(0.30-1.47)
(1.18-2.45)
(0.22-1.01)
(0.68-2.60)
(0.96-1.81)

p
0.02
0.312
0.00452
0.053
0.409
0.088

4.5 Discussion

The increase of mRNA expression of ICOSLG post-maturation in patient cells suggested
ICOSL might be shed from DC. ELISA assays revealed that melanoma patient and HD cells
secrete ICOSL at baseline, post-maturation, and viral transduction. The levels of sICOSL remain
relatively unchanged post-maturation, compared to baseline from HD. However, patient sICOSL
levels increase post-maturation.
While it has been previously reported ICOSL expression on activated APCs plays a critical
costimulatory role for T cell activation(182), the physiological role for soluble form of ICOSL is
not well understood. In recent studies, plasma sICOSL was significantly increased in patients with
acute pancreatitis and its elevated expression was associated with disease severity in patients with
systemic lupus erythematous(183,184). Significant positive correlations between sICOSL levels
and antigen-specific CD8+ T cell responses and survival rates in melanoma patients were observed.
Additionally, higher levels of sICOSL from patient mDC significantly correlated with the Th1
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chemokines, MIP-1α and CCL9. Moreover, we have shown continuous production of sICOSL by
HD and patient AdVTMM2/DC. In addition to the soluble data, it was observed that surface
expression on AdVTMM2/DC significantly correlated with vaccine-induced Tyrosinase CD8+ T
cell responses. In all, these data support the importance of cell surface, as well as secreted forms
of ICOSL, as biomarkers of the clinical efficacy of DC vaccination in patients with melanoma.
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5.0 ICOSL Protein Expression is Critical for the Priming and Cytotoxic Capacity of
Antigen-Specific T Cells

5.1 Foreword

Portions of this chapter were adapted from the previous published research manuscript in
Cancer Immunology Research: •Maurer, D.M., Adamik, J., Santos, P.M., Shi, J., Shurin, M.R.,
Kirkwood, J.M., Storkus, W.J., Butterfield, L.H. Dysregulated NF-B-dependent ICOSL
Expression in Human Dendritic Cell Vaccines Impairs T Cell Responses in Melanoma Patients.
Cancer Immunology Research, 2020.

5.2 Graphical Summary

Figure 17. Graphical Summary for “ICOSL Protein Expression is Critical for the Priming and Cytotoxic
Capacity of Antigen-specific T cells”.
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5.3 Introduction

The positive linear associations observed between ICOSL and patient CD8 + antigenspecific T cell responses, as well as survival rates, implicated ICOSL as having potential functional
importance in DC-mediated (cross)priming of antigen-specific T cell responses in vivo.
Additionally, use of publicly-available datasets identified a significant positive association with
ICOSLG expression and CD8+ T cell infiltration at sites of metastasis in cutaneous melanomas,
which further supports the possible importance of ICOSL in activating T cell responses (Figure
18A-B).
To determine if the level of ICOSL expression on DC was critical for the initiation of T
cell activation (priming) or for recall responses (boosting) in vitro, a cytomegalovirus (CMV) pp65
antigen model was chosen. mDC were split into three conditions (mDC negative control, IgG
control group, or -ICOSL-treated group) and stimulated with CMV peptide before being
cocultured with autologous T cells. Responder T cells were restimulated after seven days. Effector
T cell cytotoxic activity was determined by T cell CD107a and granzyme B protein expression
assays.
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Figure 18. Datasets for cutaneous melanomas (SKCM) suggest ICOSLG expression is important for CD8+ T
cell infiltrate in primary lesions and metastasis.

Cox proportional hazard model for CD8+ T cell infiltration and ICOSLG expression in SKCM tumors
(A). KM curves for the corresponding immune infiltrates in SKCM (both primary tumor and
metastasis). The CD8+ T cell infiltration and ICOSLG gene expression are divided into low and high
levels. The hazard ratio and p value for Cox model and the log-rank p value indicated on the KM plot
(B).
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5.4 Materials & Methods

Detection of IgM and IgG Antibodies against CMV in HD Serum. The Bioplex 2200 System
and Infectious Disease Panel (BioRad) were used to detect antibodies against CMV in HD serum
collected from whole blood. Testing was performed according to the manufacturer's instructions
using the BioPlex ToRC IgG and IgM kits on the BioPlex 2200 analyzer (Bio-Rad). The BioPlex
used a total input volume of 5 μL serum or plasma for the analytes. Following flow cytometric
analysis, the data were initially calculated in relative fluorescence intensity (RFI) and were then
converted to a fluorescence ratio (FR) using the internal standard bead. The FR was compared to
an assay-specific calibration curve to determine analyte concentration in antibody index units (AI).
The interpretive criteria were established by the manufacturer, and results were defined as negative
(≤0.8 AI), equivocal (0.9 to 1.0 AI), or positive (≥1.1 AI). The BioPlex 2200 Software Version
4.2. was used for all calculations.

ICOSL In vitro Function Assays. HD PBMCs were purified by Ficoll-hypaque gradient
centrifugation (GE Healthcare - #17144022). CD14+ monocytes were selected using CD14
microbeads (Miltenyi Biotec #130-050-201) and DC were generated as outlined above.
Autologous CD14neg cells were cryopreserved in 10% (v/v) DMSO (Protide Pharmaceuticals, Inc.,
Catalog #PP1400) + 90% (v/v) human serum (Gemini Bio Products, Catalog #100-512) for later
use. Day 5 immature DC cultures were split into 2 fractions: half of the cells were frozen for future
use and the other half were matured as outlined about. Following 24h maturation, DC were pulsed
with a CMV pp65 peptide pool (15 mer peptides, with 11 amino acid overlap; total 2ng per peptide
added) (Miltenyi Biotec #130-093-435) for 2h at 37°C. The cells were then washed and split into
three groups: negative control (mDC alone), IgG-treated control (10 g/mL; eBioscience, Catalog
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# 16-4714-82), or an -ICOSL-treated group (10 g/mL; eBioscience, Catalog #16-5889-82). DC
were incubated with nothing or the respective antibodies for 3h at 37°C in AIMV media. Following
incubation, DC were cocultured with autologous CD14neg (i.e. T cell-enriched) cells (at a 1:10
ratio) in AIMV media and 5% human serum for 7 days. rhIL-7 (10 ng/ml final concentration;
Sigma-Aldrich) was added to the co-culture on day 1, with rhIL-15 (10 ng/mL final concentration;
Sigma-Aldrich, Catalog # IL013) added on day 4. On day 7 of the coculture, activated T cells were
harvested, counted, and a viability test performed using trypan blue. Cryopreserved autologous
iDC were thawed, pulsed with the CMV peptides (2 ng per peptide added, please see above) and
cocultured with activated autologous T cells (at a 1:10 ratio) for seven days. Responder T cells
were restimulated in an identical manner, with rhIL-15 added every 2-3 days (10 ng/mL final
concentration). Seven days after boosting, T cell function was assessed. T cells were harvested,
counted, and each group (T cells pulsed with mDC control, IgG-treated control, or an -ICOSLtreated DC), were split into 4 stimulation groups: No stimulation (responder T cells alone),
Negative Control (Non-pulsed DC + responder T cells), Positive Control (T cells stimulated with
PMA(20ng/mL; Sigma-Aldrich, Catalog #P8139) and Ionomycin (1 g/mL; Sigma-Aldrich,
Catalog #I0634)), and CMV peptide pulsed (CMV pulsed DC + responder T cells (at a 1:10 ratio)).
For each condition, a CD107a antibody or an isotype control was added. Cells were stimulated for
5hrs at 37°C. CD107a expression was determined using FACS analysis. MFI was determined after
subtracting isotype control values from the stained samples. A 2% threshold was used to determine
positive staining, compared to isotype controls. CD107a MFI values for the negative control was
subtracted from the MFI of the CMV experimental group to determine true CD107a staining.
Because CD8 and CD4 molecules are downregulated on the T cell surface for several days after
antigen-specific activation, CD3+CD4dim or CD3+CD8dim cells were gated for subsequent
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assessment of CD107a expression. A Zombie Aqua Dye was used to confirm viability (Figure
19A-D). Culture supernatants were collected on day 7 (time of boost), day 9 (2 days after
boosting), day 11 (4 days after boosting) and day 16 (7 days after boosting) for analysis of secreted
products in ELISA or Luminex assays.

Figure 19. Gating Strategies used for In vitro T cell assays.
CD8dim+ and CD4dim+ T cells were selected to assess functional T cell interactors in flow cytometry analyses. The
following gating strategy was used to analyze DC-activated T cells from in vitro co-cultures: Lymphocyte cells were
selected based on an FSC vs SSC gate, with CD3+ single-cells selected for consequent analysis (A). CD8+ and CD4+
T cells were then separated into high (resting, non-activated) and dim (recently activated) expressor populations (BC). The CD4/CD8 dim populations were then assessed for expression of CD107a as a surrogate marker of their
cytotoxic potential. DC viability was monitored by flow cytometry using zombie aqua dye (to validate data obtained
by visual inspection based on trypan blue exclusion) (D).

Antibodies. The following antibodies were used for ICOSL functional assays: FITC Mouse AntiHuman CD3 (HIT3; BD Biosciences #555339), APC-Cy7 Mouse Anti-Human CD4 (RPA-T4)
(BD Biosciences #557871), PE-Cy7 Mouse Anti-Human CD8 (RPA-T8) (BD Biosciences
#557746), PE Mouse Anti-Human CD107a (H4A3) (BD Biosciences #555801), PE Mouse IgG1,
 Isotype Control (MOPC-21) (BD Biosciences #559320), CD275 (B7-H2) Monoclonal Antibody
(MIH12) (eBioscience #16-5889-82), and Mouse IgG1 kappa Isotype Control(eBioscience#164714-82).
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Statistical Analysis. Please refer to the “Materials & Methods” section, Chapter 3, page 38. In
addition, associations between ICOSLG expression and CD8+ T-cell infiltrates across cutaneous
melanoma

tumors

were

evaluated

using

publicly

available

software

Timer

2.0.

(http://timer.cistrome.org/).

Clinical Comparison Groups. Please refer to the “Materials & Methods”, Chapter 3, page 38.

5.5 Results

5.5.1 DC-Expressed ICOSL is Critical for the Priming of Antigen-specific T cell Responses

HD were identified as CMV-naïve or CMV-experienced based on serum antibody (IgG,
IgM) reactivity against CMV. Autologous mDC were cultured with or without a blocking ICOSL
mAb and pulsed with a CMV pp65 peptide pool. CD4+ and CD8+ T cells primed with ICOSLblocked DC expressed less CD107a and produced significantly less granzyme B than T cells
primed using ICOSL expressing DC (Figure 20A). In marked contrast, we observed no impact for
ICOSL antibody-mediated antagonism on T cell responses to CMV antigen on recall responses
(Figure 20B). Since activation, measured by CD107a expression, of recall responses did not appear
to be influenced by ICOSL blockade, granzyme B activity was not measured for these. This data
suggests that ICOSL expression on DC plays a role in optimal (cross)priming of effector CD8 +
and CD4+ T cells and does not appear to play a dominant role in modulating memory/recall T cell
responses.
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Figure 20. ICOSL on DC is Critical for Their Ability to (Cross)prime Antigen-specific T cell responses In vitro.
CD107a MFI levels from CMV-specific T cells when primed (C) (n = 5) or boosted (D) (n = 4) with autologous mDC
previously treated with blocking α-ICOSL (10 µg/mL) antibody or an IgG control. Granzyme B secretion levels from
CMV-specific T cells when primed with autologous mDC previously treated with blocking α-ICOSL (10 µg/mL)
antibody or an IgG control (n=5) (C). Data is displayed as normalized percentages against the IgG control and unpaired
Wilcoxon rank sum test was used to determine significance (A,B). *: p value ≤ 0.05, **: p value ≤ 0.01, ns= not
significant.

5.6 Discussion

We were technically unable to assess the importance of ICOSL in generating immune
responses using patient samples, as the circulating T cells were mainly memory T cells (73.7%
CD8+, 91.9% CD4+) or exhausted effector T cells (25.7%CD8+, 6.6% CD4+)(175). To properly
investigate this paradigm, we employed a CMV-based in vitro vaccine model, assessing T cell
expression of granzyme B and CD107a as effector cell cytotoxic activity. CD8 + T cells from CMV
seronegative donors primed with antigen-loaded DC pretreated with an anti-ICOSL blocking
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antibody were significantly impaired in their ability to differentiate into effector T cells. Notably,
the DC expressed high surface levels of the costimulatory molecule, CD86, stressing the important
early role for DC-expressed ICOSL in initiating antigen-specific responses from antigen-naïve T
cells.
In the context of melanoma, CD4+ cytotoxic T cells have been isolated from patients in
high frequencies and these cells can kill autologous MHCII high melanoma tumor cells.
Additionally, murine models have indicated antigen-specific CD4+ T cells can aid in the expansion
of infiltrating CD8+ T cells(185). Murine and human studies have both shown that anti-PD1 and
anti-CTLA-4 treatment increases the cytotoxic activity of these cells, indicting an important role
for CD4+ T cells in anti-tumor immunity(186,187). In the CMV-based in vitro vaccine model,
CD4+ T cells primed with pretreated anti-ICOSL antigen loaded DC were functionally impaired.
These data reveal that ICOSL is critical for the priming of cytotoxic antigen-specific CD4+ and
CD8+ T cells, and both CD4+ and CD8+ T cells impact anti-tumor immunity in melanoma patients.
This suggests that increasing expression of ICOSL on patient DC may improve antigen-specific
vaccine responses in cancer patients.
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6.0 Canonical NF-B Signaling and ADAM10/17 Sheddase Activity are Critical for the
Regulation of ICOSL Gene and Protein Expression in DC

6.1 Foreword

Portions of this chapter were adapted from the previous published research manuscript in
Cancer Immunology Research: •Maurer, D.M., Adamik, J., Santos, P.M., Shi, J., Shurin, M.R.,
Kirkwood, J.M., Storkus, W.J., Butterfield, L.H. Dysregulated NF-B-dependent ICOSL
Expression in Human Dendritic Cell Vaccines Impairs T Cell Responses in Melanoma Patients.
Cancer Immunology Research, 2020.

6.2 Graphical Summary

Figure 21. Graphical Summary for “Canonical NF-B Signaling and ADAM10/17 Sheddase Activity are
Critical for the Regulation of ICOSL Gene and Protein Expression in DC”.
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6.3 Introduction

The previous chapters have revealed that mature DC generated from melanoma patients
express less cell surface ICOSL as well as sICOSL, compared to healthy donor counterparts. The
work in the above chapters have highlighted that surface expression of ICOSL is critical for the
priming of antigen-specific T cell responses, and that both DC surface expression and sICOSL
correlate with overall survival and progression-free survival rates in patients. These data support
the notion that ICOSL may represent a cogent biomarker for clinical efficiency of DC-based
vaccines.
It is not yet known how ICOSL is regulated on the surface of DC. Previous literature reports
suggest that ICOSLG expression is regulated, in part, by noncanonical NF-B signaling in other
immune cells(188). Additionally, the literature suggests that ICOSL is shed from the surface of B
cells by metalloproteinases(189).
Little is understood about the regulation of ICOSL in human DC. To investigate the
regulation of ICOSLG at the transcript levels, Ingenuity Pathway Analysis Software (IPA) was
used to identify differences in activation of signaling pathways, based on gene expression, between
HD and melanoma patient DC. A publicly-available HD dataset was used as a control comparator
(GSE111581). It is important to note that HD and patient-derived DC were generated using
analogous methodologies. Canonical NF-B signaling was predicted to be inactivated in patient
DC post-maturation. HD DC were predicted to activate canonical NF-B signaling post
maturation, consistent with numerous literature reports. Therefore, NF-B signaling in patient
cells was validated using ImageStream and its regulation of ICOSL was studied using
pharmacologic inhibitors. To explore the observed difference in protein levels of ICOSL,
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compared to transcript levels in patient DC, ADAM10/17 sheddase activity was investigated.
Patient DC expressed both ADAM10/17 at the transcript level. The role ADAM10/17 played in
ICOSL regulation was determined by the use of pharmacologic inhibitors of these
metalloproteinases.

6.4 Materials & Methods

DC Microarray. Please refer to the “Materials and Methods”, Chapter 3.

NF-B Inhibition. Day 5 iDC were generated from HD and divided into the following groups: 1)
iDC control (untreated), 2) stimulated with rhIFN- + LPS, 3) DMSO control (rhIFN- + LPS +
DMSO) and 4) NF-Bi 15µM (rhIFN- + LPS + Parthenolide; Abcam #120849)). On day 5, iDC
were incubated with the above reagents for 5 min at 37°C in DC media. After stimulation and/or
blocking, total p65, phospho-p65, and ICOSL protein surface expression was measured by FACS
analysis. A Zombie Aqua Dye was used to confirm viability.
Chromatin Immunoprecipitation (ChIP) Assay. Chromatin from mDC was analyzed using a
modification of the ChIP Cell Signaling technology protocol (9005) using Micrococcal Nuclease
(CST, 10011) and Magna ChIP Protein A+G Beads (16-663, Millipore). NF-B antibody (Santa
Cruz, sc-8008) was used for ChIP. Aliquots for input and non-specific IgG control samples were
included with each experiment. ChIP-qPCR primers are listed below.
ICOSLG Forward – GCTTCCCAGGGCACCTAC;
ICOSLG Reverse- CTCCGGAAAGTTCGGCTCT;
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ICOSLG (Exon) Forward – GAAGGAAGTCAGAGCGATGG;
ICOSLG (Exon) Reverse – GGAGCTGTTCTGTGGGATGT;
TNFα NF-B Site Forward – TGAGCTCATGGGTTTCTCCACCAA ;
TNFα NF-B Site Reverse – ACAACTGCCTTTATATGTCCCTGG;
TNFα (Exon) Forward – TGGGTGAAAGATGTGCGCTGATAG;
TNFα (Exon) Reverse- TTGCCACATCTCTTTCTGCATCCC

ADAM10/17 Inhibition. Day 5 iDC were generated from HD and divided into the following
groups: 1) iDC baseline control, 2) mDC (rhIFN- + LPS 24hrs), and 3) ADAM10/17i
20µM((rhIFN- + LPS + Tapi-2; Tocris #6013)). On day 5, iDC were matured using rhIFN- +
LPS alone or in the presence of Tapi-2 for 24hrs. Tapi-2 has been shown to inhibit the sheddase
activity for ADAM10, ADAM17, and other metalloproteases(190,191) Cell culture supernatants

were collected post-maturation for observation of sICOSL. Surface ICOSL was assessed by FACS
analysis. A Zombie Aqua Dye was used to confirm viability.

Antibodies. The following antibodies were used for intracellular staining of NF-B molecules:
NF-B p65 (D14E12) Rabbit mAb (Alexa Fluor® 647 Conjugate) (Cell Signaling #8801S),
Phospho-NF-B p65 (Ser536) Rabbit mAb (PE Conjugate) (Cell Signaling #5733S), Rabbit IgG
Isotype Control (Alexa Fluor® 647 Conjugate) (Cell Signaling # 3452S), Rabbit (DA1E) mAb
IgG XP® Isotype Control (PE Conjugate) (Cell Signaling #5742). The following antibodies were
used for ImageStream Analysis: NF-B p65 (D14E12) Rabbit mAb (Alexa Fluor® 647 Conjugate)
(Cell Signaling #8801S), PE Mouse Anti-IBα (Clone 25/IkBa/MAD-3) (BD Biosciences
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#560818), DAPI Solution (BD Biosciences #564907). ImageStream analysis was done using the
ImageStreamX Mark II (Amnis) and analyzed with IDEAS software.

Clinical Comparison Groups. Please refer to the “Materials & Methods”, Chapter 3.

Statistical Analysis. Please refer to the “Materials & Methods”, Chapter 3.

6.5 Results

6.5.1 NF-B Signaling is Dysregulated in Patient DC and Targets of NF-B signaling
Correlate with Clinical Outcome

Since ICOSL expression on DC was shown to be important for optimal priming of T cells,
we were interested in investigating molecular pathways responsible for the deficiency in surface
expression of ICOSL on patient DC; gene expression profiles from patient iDC, mDC, and
vaccines were analyzed. Differentially expressed genes in iDC and mDC from patients were then
compared to HD DC.
Patient mDC exhibited profiles with dysregulation in metabolic, toll-like receptor, IL-8,
and NF-B signaling pathways (Figure 22A). Of these, the predicted dysregulation of the NF-B
pathway was of interest because the non-canonical NF-B signaling pathway has been previously
reported to regulate ICOSLG expression in murine B cells(188). The microarray data revealed
significant increases in expression of NFKBID, an inhibitor of the NF-B signaling pathway, in
patient mDC. No changes in NFKBID mRNA expression was observed in HD mDC (Figure 22B).
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To further investigate the NF-B dysregulation observed in patients, inflammatory and Th1polarizing molecules known to be regulated by NF-B signaling were examined. Cell culture
supernatants were collected after maturation of patient and HD DC. Expression of cytokines and
chemokines revealed patient mDC expressed lower levels of soluble TNF-α, soluble CD40L, and
CXCL9 compared to HD mDC (Figure 22C). Moreover, the level of secretion of these important
molecules, as well as CXCL11 secretion levels, positively correlated with patient clinical
outcomes (Figure 22C). Functional validation of dysregulation in the canonical NF-B pathway
in patient DC was confirmed using cellular imaging. HD DC showed an expected significant
increase in NF-B p65 translocation from cytoplasm into the nucleus upon ex vivo maturation,
which was not observed for patient DC (Figure 22D-E).
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Figure 22. NF-B Signaling is Dysregulated in Melanoma Patient mDC vs HD and Expression of NF-B targets
Correlate with Clinical Outcome.
Comparative Ingenuity Pathway Analysis of microarray data indicates that mDC from patients (n=35) exhibit
differential expression of metabolic, NF-B, and TLR signaling biomarkers when compared to mDC from HD (n=6).
The -log p values were calculated for each pathway, with a -log (0.05) considered to be significant (dashed green line).
Predicted calculated z scores for the indicated signaling pathways are represented as being activated (UP) or downregulated (DOWN) (A). Depicted are heatmaps for differentially expressed NF-B-dependent gene transcripts in
patient vs. HD mDC (B). Human immune monitoring 65-Plex (Thermo-Fisher Procarta Plex) was used to analyze
pro-inflammatory cytokines in cell-free supernatants harvested from HD (n=4) vs. melanoma patient (n=23) DC (C).
Patients were segregated based on clinical outcomes. CXCL9 and sCD40L inter-group differences were analyzed for
significance using one-way ANOVA analysis with Tukey’s multiple comparison test, and TNFα and CXCL11 inter-

75

group differences were analyzed for significance Kruskal-Wallis one-way ANOVA with Dunnett’s multiple
comparison test (C). Validation of the IPA analysis using Image Stream revealed that HD DC exhibit a significantly
increased degree of p65 translocation into the nucleus vs. melanoma patients DC post-maturation (D, E). Patients are
segregated based on clinical outcomes, with the significance of differences between cohorts determined using matched
paired student t-tests (HD panel) (D) or paired Wilcoxon rank sum test (patient data)(E) . *: p value ≤ 0.05, **: p value
≤ 0.01, ***: p value ≤ 0.001, ns= not significant.

6.5.2 NF-B p65 is a Direct Transcriptional Regulator of ICOSLG

After observing operational NF-B dysregulation in patient matured DC, we hypothesized
that ICOSLG expression might be dependent on canonical NF-B signaling. To investigate this,
we analyzed direct binding of NF-B p65 to the ICOSLG promoter region. Chromatin
immunoprecipitation revealed a direct p65 binding site in the ICOSLG gene promoter region in
HD mDC (Figure 23A & Figure 24A-B).

To further confirm the role of NF-B on ICOSL regulation, we assessed the impact of
adding the NF-B inhibitor, Parthenolide, which directly modifies the p65 subunit by inhibiting
IkB proteins(192,193), on ICOSL after stimulation with rhIFN + LPS (15mins). Inhibition of NFB activation resulted in a significant decrease in phospho-p65 levels in the Parthenolide-treated
DC group (Figure 22B-C). ICOSL surface protein levels were significantly decreased in
Parthenolide-treated DC compared to control DC (Figure 23B-C), supporting canonical NF-B
signaling in the regulation of ICOSL surface protein expression levels in DC.
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Figure 23. Canonical NF-B Signaling Regulates ICOSL Protein Surface Expression on Human DC. Chromatin
Immunoprecipitation assays performed on HD (n=4) cells revealed that NF-B p65 binds directly to the ICOSLG
promoter region in IFN + LPS treated (matured) DC by 30 min. TNFα was used as a positive control. Fold enrichment
was calculated based on Ct as 2(ΔCt), where ∆Ct = (CtInput – CtIP). The IgG ∆Ct was subtracted from the specific
antibody ∆Ct to generate ∆∆Ct = (∆Ctspecific Ab – ∆CtIgG) (A). ICOSL surface expression analyzed from HD DC
(n=6) at baseline (day 5 iDC), stimulated with IFN + LPS (15 mins), IFN + LPS with DMSO (15 mins), or IFN +
LPS with the NFB inhibitor, Parthenolide (15 M, 15 mins) (B, C). Histograms are shown from two representative
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donors for total p65, phospho-p65, and ICOSL MFI values (B). Isotype antibodies were used to control for background
staining. The ratio of phospho-p65 levels to total p65 levels is shown (panel C, left). ICOSL MFI values are shown
for each treatment group (panel C, right). Data is displayed as normalized percentages against the positive control
(IFN + LPS) and unpaired student t-test (two-tailed) was used to determine significance. *: p value ≤ 0.05, **: p
value ≤ 0.01.

Figure 24. Primer Design and DNA Input used in Chromatin Immunoprecipitation (ChIP) Assays.
The predicted NF-B binding site in the ICOSLG promoter is highlighted in red. Purple regions denote primer
sequences used to amplify N-B enrichment in ChIP assays. Additional primer pairs (see Methods section) targeting
downstream EXON sequence was used for negative/background binding control (A). Shown is the distribution of
micrococcal nuclease-digested DNA fragments from one representative donor used in the ChIP assay (B).
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6.5.3 Inhibition of ADAM10/17 Sheddase Activity Stabilizes ICOSL Surface Protein
Expression on Mature DC

We have shown that canonical NF-B signaling regulates ICOSL surface protein
expression. However, our data also has also suggested ICOSL is shed from the surface of DC,
which correlates with clinical outcomes in patients. Our microarray data revealed that patient DC
express the metalloproteases ADAM10 and ADAM17 (Figure 25A). ADAM10 is significantly reduced
post-maturation, while ADAM17 expression increases (Figure 25A). To investigate the mechanisms
underlying the shedding of surface ICOSL, we inhibited ADAM10/17 activity using Tapi-2, during
DC maturation conditions. HD DC matured in the presence of Tapi-2 exhibited a significant increase
in surface ICOSL protein expression and a decrease in sICOSL (Figure 25B-C). These data suggest
that both canonical NF-B signaling and metalloproteinase activity contribute to the steady-state
regulation of cell surface levels of ICOSL in DC.
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Figure 25. DC Surface Expression of ICOSL and RC-released sICOSL are Regulated in-part by the
Metalloproteases, ADAM10 and ADAM17.
Log2 mRNA expression of ADAM10 and ADAM17 for iDC, mDC, and AdV/DC in melanoma patients (n=33) (A).
Patients were segregated by clinical outcomes, with intergroup significance determined using one-way ANOVA.
ICOSL surface expression analyzed from HD DC (n=3) at baseline (iDC), stimulated with IFN + LPS (24hrs), or
stimulated with IFN + LPS with the ADAM10/17 inhibitor, Tapi-2 (20uM, 24hrs). Gating is shown from a
representative HD and ICOSL frequencies and histograms are shown for mDC and Tapi-2 treated cells (B). ICOSL
MFI values or sICOSL levels are shown for mDC controls and Tapi-2 treated cells (C). Data is displayed as normalized
percentages against the mDC control and an unpaired student t-test (two-tailed) was used to determine significance
(C). *: p value ≤ 0.05, **: p value ≤ 0.01, ***: p value ≤ 0.001.
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6.6 Discussion

ICOSL has also been previously reported to be shed from B cells based on the action of
the “sheddase” ADAM10. By cleaving surface ICOSL, ADAM10 modulates availability of
ICOSL costimulation during humoral immune activation(189). Our microarray data revealed that
patient DC express ADAM10 and significantly increase mRNA transcript levels of another
metalloproteinase molecule, ADAM17, post-maturation (data not shown). Here, we have shown
that inhibition of ADAM10/17 sheddase activity in HD DC increased surface expression of ICOSL
and decreased sICOSL levels, revealing the importance of metalloproteinase activity in regulating
ICOSL surface expression on DC. To our knowledge, the importance of ADAM10/17 sheddase
activity for ICOSL regulation on human DC has yet to be reported.
Our data further revealed that ICOSL expression levels in DC are in part dictated by
canonical NF-B signaling, with p65 directly interacting with the promoter region of ICOSLG. To
our knowledge, this regulatory pathway in DC has not been previously reported, as only the
noncanonical pathway of NF-B signaling has been suggested to regulate ICOSLG
expression(188). We have also shown that patient mDC exhibit a decrease in canonical NF-B
signaling, as evidenced by significant reductions in nuclear translocation of p65 when compared
to HD counterparts.
As predicted by dysregulation of NF-B signaling, proinflammatory cytokine secretion
was also reduced in cell culture supernatants from patient DC. CXCL9, TNF, soluble CD40L,
and CXCL11 secretion levels from mDC correlated with clinical outcome. Moreover, CXCL11
secretion from mDC seemed to be unique to melanoma patients, as CXCL11 production from HD
mDC was marginal. The observed correlation with clinical efficiency indicates these molecules
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may represent salient biomarkers for assessing clinical efficiency in patients. The decreased
activation of the canonical NF-B signaling pathway did not affect the maturation-induced
upregulation of the costimulatory molecule CD86 on DC. This finding can be explained by CD86
regulation in human DC by RelB, which is predominately associated with the noncanonical NFB signaling pathway(194). In addition, complementary pathways are being activated, such as
IFNγ signaling, which has also been reported to upregulate CD86 expression(195).
The comparative pathway analysis revealed that matured DC from melanoma patients have
increased transcriptional expression of natural NF-B inhibitors post-maturation. Some of these
inhibitors, such as NFBIA, are regulatory molecules that are transcriptionally activated upon NFB activation. Transcript levels of these molecules were increased in both patient and healthy
donor cells. However, transcriptional expression of the inhibitor molecule, NFBID, was only
upregulated in patient DC post-maturation. This was of interest because previous studies have
shown that NFBID expression in DC leads to an immunoregulatory phenotype with increased
secretion of IL-10(196). As stated in the above chapters, transcriptional profiling and protein
analyses of patient DC have shown that melanoma patients express high levels of
immunoregulatory molecules, such as IL-10 and IDO. Overall, these data indicate that genetic
manipulation of NF-B targets in patient DC may mitigate their immunoregulatory phenotype and
lead to increased expression of costimulatory and proinflammatory molecules believed critical to
the efficacy of DC-based vaccines. This dysregulation of canonical NF-B signaling in patients
may in part explain the observed reductions in ICOSL protein expressed on the surface of DC
cultured from melanoma patients. Indeed, we now show that NF-B signaling, via both the
canonical and noncanonical pathways, is important for DC immunogenicity and the anti-tumor
efficacy of DC-based vaccines.
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7.0 Conclusion

7.1 Summary & Future Directions

DC-based vaccination for the treatment of solid cancers have been shown to be safe and
immunogenic in the clinic(129). However, the overall clinical response rate remains low(129). The
main objective of this thesis was to identify and analyze DC vaccine gene expression profiles that
correlate with potent vaccine-antigen-specific T cell immune responses and a favorable clinical
outcome. By understanding the mechanisms and proteins involved in optimal DC functionality,
we will be able to generate superior DC vaccines, and possible combination therapies, that will
hopefully lead to a higher clinical response in advanced melanoma patients.
In Chapters 3-6 of this thesis, we used cryopreserved HD and patient monocytes from a
recent autologous adenovirus-based DC vaccine engineered with three full length common
melanoma antigens. Surprisingly, conventional markers and cytokines associated with DC
maturation did not correlate with clinical outcomes or immune responses. We performed gene and
protein expression profiling to identify key novel biomarkers associated with in vivo DC
immunogenicity and positive clinical response to DC-based vaccination. We report here that cell
surface expression of Inducible T Cell Costimulator Ligand (ICOSL) is selectively reduced on DC
from melanoma patients and partially regulated by canonical NF-B signaling, resulting in a
vaccine that is sub-optimal for T cell (cross)priming. We further show that levels of soluble ICOSL
(sICOSL) positively correlates with production of Th1 immune chemokines, objective clinical
response rates, and overall survival in advanced-staged melanoma patients. Additionally, we show
that sICOSL is partially regulated by ADAM10/17 sheddase activity on monocyte-derived DC.
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These data suggest that targeted manipulation of patient-derived DC to improve ICOSL expression
may improve therapeutic T cell responses and treatment outcomes in cancer patients.

7.1.1 ICOSL mRNA Expression is Associated with Favorable Clinical Outcomes at
Baseline

ICOSL expression may be imprinted (or conditioned) in DC from melanoma patients with
active disease. This was suggested by the correlation between ICOSLG expression levels and
clinical response and survival rates in baseline blood-derived iDC. No significant correlations were
observed with mDC or AdVTMM2/DC. This might suggest that the patient-derived monocytes
are intrinsically defective. Future studies will involve the profiling of HD and patient monocytes
and investigate epigenetic changes within these cells that may underlie dysregulated ICOSL
expression.

7.1.2 sICOSL and Protein Surface Expression of ICOSL on AdVTMM2/DC Correlate with
Antigen-Specific Vaccine Responses and Overall Survival

We have shown here that sICOSL levels from in vitro cell culture supernatants correlated
with overall survival rates observed and favorable clinical outcomes observed in patients.
Moreover, univariate cox regression analysis for sICOSL indicated sICOSL from patient mDC is
a good predictive prognostic index for PFS and OS. Prospective studies will include exploring the
physiological role of sICOSL in regulating anti-tumor T cell responses.
Additionally, it was observed that surface ICOSL expression on AdVTMM2/DC had a
significant positive correlation with vaccine-induced immune responses and is considered a good
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predictive prognostic index associated with OS. We were unable to test the importance of ICOSL
in priming immune responses using patient cells, as circulating T cells were predominantly
memory T cells. Future studies will include the generation of a novel adenovirus vector, encoding
the 3 melanoma-associated antigens plus ICOSL (full length or the ectodomain to equate to
sICOSL) for the engineering of vaccine DC, and testing of such vaccines for their ability to
generate specific immune responses from autologous patient-derived naïve T cells. If these studies
cannot be carried out using human samples, it might be of interest to explore the efficiency of such
genetic vaccine approaches in mouse models.

7.1.3 Canonical NF-B Signaling Regulates ICOSLG Expression in DC

The data presented in this thesis revealed that dysregulated NF-B signaling observed in
melanoma patients resulted in reduced protein expression of ICOSL. However, a target resulting
in the dysregulation of NF-B signaling has yet to be identified. Preliminary transcriptional data
has suggested that the NLR Family Pyrin Domain Containing 2 gene (NLRP2) expression has a
significant, negative correlation with clinical outcome (Figure 26). The literature suggests that the
protein encoded by NLRP2 is an inhibitor of canonical NF-B signaling. We have hypothesized
that the dysregulation of NF-B signaling might be the result of increased NLRP2 expression
observed in patient DCs. This hypothesis is summarized in the graphic below (Figure 27). Future
studies will involve lentiviral-mediated knockdown of NLRP2 in HD and patient DC to explore
the broader effects of NLRP2-deficiency in DC.
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Figure 26. NLRP2 mRNA Expression in Patient DC Correlate with Clinical Outcomes.
NLRP2 mRNA expression for patient iDC, mDC, and AdVTMM2/DC. Patients were segregated based on clinical
outcomes. Differences between cohorts were determined using unpaired student t-tests. *: p value ≤ 0.05, **: p value
≤ 0.01.

Figure 27. Hypothesized NALP2 Regulation of ICOSL Through NF-B Signaling.
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7.1.4 ADAM10/17 Sheddase Activity Regulates Surface Protein Expression of ICOSL on
HD DC

We have reported here that ADAM10/17 sheddase activity partially regulates ICOSL
surface expression on DC, which to our knowledge has yet to be reported. The pharmacologic
inhibitors used in these experiments were not specific, and have been reported to target several
metalloproteinases, including ADAM10/17. Because patient DC transcriptionally express both
ADAM10 and ADAM17, it will be of significant interest in future experiments to determine which
metalloproteinase is the dominant sheddase in the regulation of ICOSL expression on DC.
Prospective studies will include the selective knockdown of ADAM10/17 in order to determine
which sheddase is more critical in the regulation of ICOSL on DC.

7.1.5 Summary

In summary, this study is the first to reveal that canonical NF-B signaling and ADAM10/17
sheddase activity are critical for the regulation of ICOSL gene and protein expression in DC. Our data
suggest that the dysregulation in NF-B signaling and the expression of ADAM10/17 may explain the
decrease in ICOSL protein surface expression observed in patient DC. We have identified ICOSL as a
potential potency biomarker for the in vivo immunogenicity of DC-based vaccines in melanoma
patients. Reduced expression of ICOSL on monocyte-derived DC limits their ability to prime antitumor immune responses in vitro and in vivo. We also show that baseline mRNA expression levels of
ICOSLG in patient DC correlate with favorable clinical outcomes and are associated with overall
patient survival, suggesting the clinical associations observed with ICOSL may be imprinted in
dysregulated patient DC precursor cells. Future studies will involve the profiling of HD and patient
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monocytes and investigate epigenetic changes within these cells that may underlie dysregulated ICOSL
expression. It will also be important to determine the impact of enforced DC expression of ICOSL on
vaccine-induced, antigen-specific T cell responses in patients. Conditioning of increased and stabilized
ICOSL expression on patient DC may yield a vaccine capable of more effectively driving the
development of clinically-effective anti-tumor immunity in support of superior clinical outcomes.
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Appendix A: Metabolic Profiling of Melanoma Patient DC

Appendix A.1 : Foreword

The data shown in Appendix A will contribute to future publications. The work shown here
is in collaboration with Dr. Juraj Adamik

Appendix A.2 : Introduction

The pathway analysis discussed in the main text was used to identify signaling pathway
activation differences between HD and melanoma patient DC. The significant differences in
pathway activation between HD and patient DC suggests possible targets for future DC vaccine
studies. Figure 21A displays the significant pathway activation differences between HD and
patient DC. Of those pathways, several metabolic pathways were of significant interest.
The literature has suggested that oxidative phosphorylation and fatty acid β-oxidation are
critical for the activation of human monocyte-derived DC(197), but little is understood about the
role these metabolic pathways play in DC differentiation. The IPA analysis mentioned in the above
chapters highlighted that genes in the oxidative phosphorylation and fatty acid β-oxidation
signaling pathways are significantly reduced in HD DC upon maturation (Figure 21A). However,
these pathways did not appear to be significant in patient mDC . There was little to no change in
the expression of genes involved in oxidative phosphorylation or fatty acid β-oxidation. To
investigate the potential significance of this pathway on DC differentiation, the microarray data
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was first validated using QPCR. Additionally, to investigate the functional importance of oxidative
phosphorylation and fatty acid β-oxidation on DC function, seahorse analysis was done on
immature and matured DC from HD and patient samples. The preliminary data presented in this
chapter indicates that metabolic manipulation might be used to enhance the efficiency and overall
clinical response rates of DC-based vaccines.

Appendix A.3 : Materials & Methods

DC Generation. Please refer to the information listed in the “Materials & Methods”, Chapter 3.

DC Microarrays. Please refer to the information listed in the “Materials & Methods”, Chapter 3.

Transcriptional Analysis of Metabolic Genes. RNA from DC preparations was collected using
the All Prep RNA/Protein kit (Qiagen#80404). cDNA was synthesized using the qScript cDNA
Synthesis Kit (Quantabio). QPCR was performed using standard Taqman primers (listed below)
and the Express qPCR supermix (Thermo Fisher #1178501K). The following primers were used:
NDUFS3 (Hs01549083_m1), NDUFA10 (Hs01071117_m1), HADHA (Hs00426191_m1),
ECHS1 (Hs00187943_m1), and IVD (Hs01064832_m1). HPRT1 (Hs99999909_m1) was used as
a housekeeping control.

Seahorse Analysis. Immature and matured DC from patients and HD were collected. Cells were
plated at 100,000 cells/well on Seahorse culture plates in assay media consisting of minimal,
unbuffered DMEM supplemented with 1% BSA and 25 mmol/L glucose, 1 mmol/L pyruvate, and
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2 mmol/L glutamine and analyzed using a Seahorse XFe96 (Agilent). Basal oxygen consumption
and extracellular acidification rates were taken for the first 30 minutes. Then, cells were stimulated
with oligomycin (2 μmol/L), FCCP (0.5 μmol/L), and rotenone/antimycin A (0.5 μmol/L) to obtain
maximal respiratory and control values. For Fatty Acid β-Oxidation measurements, cells were
either treated with a BSA control or 1 mM palmitate-BSA, conjugated to 0.17 mM BSA in 150
mM NaCl, pH 7.2. All experimental conditions were performed in triplicates per the
manufacturer’s instructions.

Appendix A.4 : Preliminary Results

Appendix A.4.1 Melanoma Patient DC Express Higher Levels of Metabolic Gene
Transcripts, Compared to DC from HD

The in silico pathway analysis suggested that the activation of oxidative phosphorylation
and fatty acid β-oxidation was relatively unchanged post-maturation in patient DC. Yet, the
pathway analysis using HD samples suggested oxidative phosphorylation and fatty acid βoxidation are significantly reduced in activation post-maturation with IFN-γ + LPS. To validate
this, genes that displayed reduced expression post-maturation from HD cells, but not patients, were
selected. The target genes selected for analysis were NDUFS3, NDUFA10, HADHA, ECHS1, and
IVD.

QPCR analysis revealed that melanoma patient DC express higher transcript expression of
NDUFS3, NDUFA10, HADHA, ECHS1, and IVD in both immature and mature DC subtypes,
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compared to HD (Figure 28 & Figure 29). HD iDC and mDC showed relatively little to no mRNA
expression of the above genes. When separated by clinical outcome, the degree of change in
expression of NDUFA10, HADHA, ECHS1, and IVD was larger in patients who clinically
progressed versus those who did not (Figure 30). Additionally, patients who displayed tumor
progression had an increase in mRNA expression of NDUFA10, HADHA, ECHS1, and IVD postmaturation. mRNA expression of NDUFS3 increased across all patient DC post-maturation,
regardless of their clinical status.
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Figure 28. Melanoma Patient DC Express Higher mRNA Transcrpit levels of Complex 1 Genes, Compared to
HD DC.
QPCR analysis of genes in Complex 1 of the Oxidative Phosphorylation pathway. Unpaired student t-test (two-tailed)
was used to determine significance. *: p value ≤ 0.05.
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Figure 29. Melanoma Patient DC Express Higher Transcript Levels of Genes in the Fatty Acid β-oxidation
Pathway, Compared to HD DC.
QPCR analysis of genes in the Fatty acid β-oxidation pathway. Unpaired student t-test (two-tailed) was used to
determine significance.
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Figure 30. NDUFA10, HADHA,ECSH1, and IVD mRNA Expression Decreases Post-maturation in Favorable
Clinical Outcome Patients & HD DC.
QPCR analysis of metabolic genes. Patients are segreagted by clinical outcome and seperated by DC subtype. Oneway ANOVA was used to determine significance.

Appendix A.4.2 Activation of Oxidative Phosphorylation and Fatty Acid β-Oxidation are
Associated with Disease Progression and Suboptimal Immune Responses in Melanoma
Patients

The gene expression analysis indicated that oxidative phosphorylation and fatty acid βoxidation may be functionally important in DC. To investigate this, Metabolic flux analysis was
performed using the Seahorse XF. It was observed that change in OCR levels post maturation was
largely reduced after an injection with oligomycin in patients who did not display tumor
progression, compared to OCR levels in DC from patients who displayed tumor progression.
Additionally, basal OCR levels were higher in patients who progressed (Figure 31A).

Fatty acid β-oxidation levels were measured by OCR rates in response to palmitate
injections. It was observed that OCR levels increased post-maturation in patients who displayed
disease progression. Additionally, when patients were segregated by immune response, OCR
levels were higher in mDC from patients who did not generate vaccine induced immune responses
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(Figure 31B). These data suggest that fatty acid β-oxidation activation in mDC is associated with
disease progression and the generation of suboptimal immune responses.

Figure 31. Oxidative Phosphorylation and Fatty Acid β-Oxidation Activation Levels in Patient mDC are
Associated with Disease Progression and Subpar Immune Responses.
Seahorse analysis of patient DC. OCR levels are represented as “change in OCR” (mDC – iDC). This was done in
order to normalize the data. Graphs shown display “change in OCR” levels with (B) or without (A) the addition of
palmitate to the cells.

Appendix A.5 Discussion

The preliminary data on metabolic profiling discussed in this chapter suggests that
oxidative phosphorylation and fatty acid β-oxidation signaling pathways are dysregulated in
melanoma patient DC. It has been previously reported in mouse studies that DC reduce activation
of oxidative phosphorylation and fatty-acid β-oxidation post-maturation(197). The reduction in
oxidative phosphorylation and fatty-acid β-oxidation is thought to be associated with metabolic
fitness and immunogenicity. The pathway analysis performed on the HD DC dataset confirmed
the previous reports of murine studies. Post-maturation with IFN-γ + LPS, HD DC decrease
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expression of metabolic genes in oxidative phosphorylation and fatty-acid β-oxidation signaling
pathways. However, patient DC do not express reduction in mRNA expression of these genes.
Importantly, functional assays revealed that both of these metabolic signaling pathways are
associated with clinical outcomes and the generation of immune responses. All together, these data
suggest that melanoma patient DC undergo metabolic reprogramming post-maturation in vitro. By
targeting these pathways, patient DC can be engineered to become metabolically fit and be used
to enhance the clinical responses rates of DC-based cancer vaccines. Prospective studies will
explore how these metabolic pathways influence the “fitness” of human DC and we will
investigate how the activation of fatty-acid β-oxidation and oxidative phosphorylation signaling
pathways influence the generation of regulatory immune cells.
The literature has suggested that classical NF- κB activation has a direct relationship with
oxidative phosphorylation and glycolysis in sarcoma cell line models(198). This is of significant
interest, given our data revealing NF-κB dysregulation in melanoma patient DC. Future
experiments could involve the investigation the relationship between NF-κB dysregulation and the
metabolic gene transcripts listed above. Additionally, activation of classical NF-κB signaling
could revert the metabolic phenotype observed in patient mDC, making them more metabolically
fit, which will hopefully increase objective clinical responses to DC-based vaccination.

Appendix A.6 Conclusions & Future Directions

In this appendix section, preliminary data on metabolic dysregulation in melanoma patient
DC was reported. We identified that the metabolic signaling pathways, oxidative phosphorylation
and fatty acid β-oxidation, were predicted to be significantly reduced post-maturation in HD DC.
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However, these metabolic pathways were not significant in the patient cells. Preliminary functional
assays, using the Seahorse XF, revealed that higher OCR levels (with and without the addition of
palmitate) post-maturation were associated with disease progression and negatively correlated
with immune response.
These preliminary data suggest that metabolic dysregulation might be associated subpar
DC function. Prospective studies will continue to investigate these metabolic pathways and will
investigate metabolic dysfunction on the generation of tolerogenic DCs. First, we will investigate
the presence of tolerogenic DC surface and soluble markers. It is hypothesized that patient DC will
have a more “tolerogenic phenotype”, compared to HD DC. T cell response assays will also be
helpful in the determination of whether patient DC are in fact, tolerogenic. Prospective studies will
also include culturing HD DC in tolerogenic conditioning media to try and reprogram metabolic
pathways in HD to mimic what is observed in patient DC.
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Appendix B : DC Vaccination Plus Dasatinib for the Treatment of Advanced-Stage
Melanoma

Appendix B.1 : Foreword

The data shown in Appendix B will contribute to future publications. The work shown here
is part of a broad analysis on UPMC 12-048 clinical trial. This work was performed in
collaboration with Dr. Walter J. Storkus, University of Pittsburgh, and Dr. Timothy Looney,
Thermo Scientific.

Appendix B.2 : Introduction

The use of tyrosinase kinase inhibitors (TKI) in combination with immunotherapy has been
indicated to help improve the immune dysregulation observed in late-staged melanoma
patients(199). Recently, we have developed an autologous type 1-polarized DC vaccine loaded
with six separate tumor blood vessels associated antigens (TBVAs; NCT01876212). The use of
TBVAs in DC vaccines allow for selectively targeting of tumor-associated blood vessels, which
led to vascular normalization and T cell-mediated control of tumor growth in mouse melanoma
models. This vaccine, in combination with the TKI, Dasatinib, was used in a single-center,
randomized phase II clinical trial. Sixteen HLA-A2+ patients with advanced-stage melanoma
(metastatic, stage IV or unresectable, Stage IIIB/IIIC) were enrolled on trial. Patients were
randomized into two treatment groups) 1) Treatment A: received 2 intradermal injections (10e7
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DC) of the autologous DC vaccine on day 1 and day 15 of cycle 1 and then immediately begin
Dasatinib treatment in cycle 2 (70mg, 2x a day). 2) Treatment B: Received both the autologous
DC vaccine and Dasatinib during cycle 1. Both cohorts then received both DC-based vaccines +
Dasatinib in subsequent treatment cycles. The design of the clinical trial is shown below (Figure
32).

Figure 32. UPMC 12-048 Study Design.

Defined by RECSIT 1.1, clinical data on 13 evaluable patients revealed that 4 patients
displayed tumor regression (PR), 6 patients showed tumor progression (PD), and 3 individuals
remained stable (SD) on-treatment. Interestingly, all 4 partial responders were randomized to
treatment B on the trial, indicating that timing of Dasatinib treatment might be important for
clinical responsiveness.
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Appendix B discusses a broad analysis of the clinical trial to identify gene expression
profiles that might correlate with overall survival and clinical response rates in melanoma patients.
Additionally, in collaboration with Thermo Scientific, TCR convergence frequencies were
investigated in the periphery and within tumor samples at baseline and post-treatment. The
preliminary data discussed here helps target future areas of investigation to increase optimal
immune response rates using combination therapies.

Appendix B.3 : Materials & Methods

DC Microarrays. RNA from patient-derived cryopreserved matured αDC1cells were isolated and
analyzed using Clariom S Gene Chip (Affymetrix). Patient microarray data was normalized using
Robust Multi-Average (RMA) normalization. The R package, oligo (Version 3.9)(179), was used.
After attempting normalization, the data followed a non-normally distributed pattern so, Wilcoxon
tests were used for differential gene expression analysis.

TCR Sequencing. TCR sequencing was done in collaboration with Thermo Scientific and used
the Oncomine TCR Beta-LR Assay (Thermo Fisher Scientific Cat. No. A35386), and protocol as
described in the Oncomine TCR Beta Assay User Guide MAN0017438 Revision A.0.

Next-generation Sequencing on Tumor Biopsies. Next-generation sequencing was done in
collaboration with Thermo Scientific and used the Oncomine Immune Response Research
Assay(200).
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Statistical Analysis. Based on data distribution, Wilcoxon rank-sum test were used for most of
the analyses. Spearman’s correlation coefficients were calculated to determine associations
present. Kaplan-Meier (KM) curves were carried out using the R packages survival (version 3.18) and survminer (version 0.4.6). P values are represented as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001,
**** p ≤ 0.0001. Graphs were generated using the R package ggplot2 (Version 3.1.1) and
GraphPad Prism v7.

Appendix B.4 : Results

Appendix B.4.1 TCR Convergence Frequencies in Circulating T cells are Associated with
Immune response and Favorable Clinical Outcomes at Baseline

Generation of immune responses should result in the expansion of antigen-specific T cells.
TCR convergence is defined as the culminative frequency of T cell clones that have identical
variable region sequences in their TCRs(201). We sequenced circulating T cells from advanced
melanoma patients pre and post-treatment to investigate the breadth and diversity of TCR clones.

It was hypothesized that TCR Convergence frequencies would correlate with overall
immune response and clinical outcomes. When separated by clinical outcome and immune
response, it was observed that TCR convergence frequencies in circulating T cells were increased
in patients with favorable clinical outcomes at baseline (Figure 33, left panel). Additionally,
patients who generated vaccine-induced immune response also had higher TCR convergence
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frequencies in circulating T cells at baseline (Figure 33, right panel). No significant difference was
observed pre- vs post-treatment in the periphery or from tumor samples.

Figure 33. TCR Convergence Frequencies in Circulating T cells are Associated with Clinical Outcome and
Immune Responses.
TCR sequencing of patient PBMC at baseline. Patients are segregated by clinical outcome and vaccine-induced
immune responses. Wilcoxon rank-sum tests were used to determine significance. *p ≤ 0.05

Appendix B.4.2 Microarray Analysis Reveals Gene Signatures that Correlate with
Favorable Clinical Outcomes and Immune Responses in Matured DC from Patients

Genomic analysis revealed that there were 640 shared differently expressed genes (DEG)
between patients who progressed early and did not generate a vaccine-induced immune response.
Out of the 640 DEGs, many genes involved in immunosuppression were upregulated. These genes
included TLR7, TGFβ1, PTGES2, CLEC4A, SIRT1, and SATB1 (Figure 34A). In addition,
ITGB3BP, a co-repressor NF-κB signaling(202), expression was upregulated in patients with poor
clinical outcome and those who did not generate vaccine-induced immune responses. Importantly,
the mRNA expression of TLR7 and SIRT1 had significant strong negative correlations with overall
survival rates (Figure 34B).
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Figure 34. Immunosuppressive and Regulatory Molecule mRNA Expressions are Associated with Poor
Prognosis in Patient Matured DC.
Venn Diagram of DEG from patients with a poor clinical outcome and patients who did not generate a vaccine-induced
immune response (A). Heatmap hierarchical clustering of the overlapping genes between “Poor Clinical Outcome”
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and “No Immune Response” (A). mRNA expression of CLEC4A and TGFB1 are shown as examples (A). Patients are
segergated by immune response. Wilcoxon rank-sum tests were used to determine significance. KM curves of overall
survival rates. Patients are segregated based on high and low mRNA expression of SIRT1 (B, left panel) and TLR7 (B,
right panel). *p ≤ 0.05, **p ≤ 0.01

It was determined that 1217 DEG overlapped between patients with favorable clinical
outcomes (i.e. PR) and immunological response. Many of these genes were associated with
immunogenicity of DC, antigen presentation, and costimulation. Specifically, BTNL8, LAMP3,
RELB, NOTCH3, and CXCL14 were all upregulated in these patients (Figure 35A). Moreover,
BTNL8 and RELB mRNA expression had significant positive correlations with overall survival
rates (Figure 35B).
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Figure 35. mRNA Expression Levels of Genes Important for Antigen Presentation, DC Function, and Costimulation are Associated with Favorable Clinical Outcomes, Immune Responses, and Survival Rates in
Patients.
Venn Diagram of DEG from patients with a good clinical outcome and patients who did generate a vaccine-induced
immune response (A). Heatmap hierarchical clustering of the overlapping genes between “Good Clinical Outcome”
and “Immune Response” (A). mRNA expression of RELB and LAMP3 are shown as examples (A). Patients are
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segergated by immune response. Wilcoxon rank-sum tests were used to determine significance. KM curves of overall
survival rates. Patients are segregated based on high and low mRNA expression of BTNL8 (B, left panel) and RELB
(B, right panel). **p ≤ 0.01

Appendix B.4.3 Next-generation Sequencing on Bulk Tumors Identify Genes that Correlate
with Clinical Outcomes in Patients

Next-generation sequencing was performed on bulk tumor samples pre- and post-treatment
to identify gene signatures that correlate with favorable clinical outcomes. At baseline, patients
who progressed early had relatively lower mRNA expression of NCR3, NCR1, CD226, CD86, and
CCL3 (Figure 36A). Additionally, post-treatment, these patients had increased mRNA expression
of the immunosuppressive genes, HIF1, TOP2A, and ISG15 (Figure 36B). ISG15 high mRNA
expression had a significant negative correlation with overall survival (Figure 36C).
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Figure 36. Patients who Progress Early Show Low mRNA Expression Levels of Genes Associated with T cell
Infiltration and NK Cell Activation at Baseline, and Express hHgh mRNA expression levels of
Immuosupressive molecules Post-treatnent.
Heatmap hierarchical clustering of genes from tumor samples at baseline (A) and during treatment (B).
Samples are segregated based on vaccine response and clinical outcome status. KM curve of overall survival rates in
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patients. Patients are segregated based on high and low mRNA expression of ISG15 in tumor samples biopsied while
on treatment.

Appendix B.5 : Discussion

The broad analysis presented here was performed to better characterize melanoma patients
who respond to combination therapies with DC vaccines. The genetic analysis was used to identify
targets for future investigation that might increase the responsive rates to immunotherapy. While
the data presented is interesting and warrants future investigation, it is important to recognize the
limitation of this clinical trial (i.e. 13 patients analyzed and not all tumor biopsies had matched
pair) and to not overinterpret the data.
It was shown here that circulating T cells from patients with favorable clinical outcomes
have higher TCR Convergence frequencies at baseline, compared to those who displayed tumor
progression. Thee data support previous literature that TCR convergence could potentially predict
response to immunotherapy(201). Additionally, next-generation sequencing of bulk tumor cells
revealed patients with poor prognosis had relatively low expression of genes that have been
reported to be important for co-stimulation(203), T cell infiltration(204), and receptors for natural
killer cell activation(205) at baseline. Importantly, post-treatment, these patients had an
upregulation of genes associated with immunosuppression and poor prognosis(206-209),
compared to bulk tumors from patients with favorable outcomes.
The microarray analysis on the matured DC used in the clinical trial revealed key gene
signatures that relate to DC function and immunogenicity. Patients with a poor prognosis and who
did not generate a vaccine-induced immune response had an increase in expression of genes that
have been reported to be associated with recruitment of MDSCs(210), immunosuppression(211109

213), the expansion of regulatory cells(214), and NF-κB signaling dysregulation(202). Patients
with favorable outcomes and who generated immune responses displayed an increase in gene
expression of genes critical for antigen presentation(215), co-stimulation(216), DC
function(217,218), and inflammation(219). Altogether, the microarray analysis on patient mDC
provided targets for future studies and identified important genes that might be part of regulatory
pathways affecting DC function. By targeting these pathways in future studies, we will be able to
optimize combination therapies and hopefully increase the overall clinical responsive rates to DCbased vaccine immunotherapies.

Appendix B.6 : Conclusions & Future Directions

Appendix B of this thesis examined a broad analysis of another recent autologous DC
vaccine clinical trial, in combination with the TKI, Dasatinib, for the treatment of advanced
melanoma. A broad genomic analysis was performed on patient DC and bulk tumor cells (pre- and
post-treatment) to identify potential targets that could enhance the efficiency of clinical response
rates of DC vaccines. TCR sequencing revealed TCR convergence correlated with immune
response and clinical outcomes at baseline, which supports other findings in the literature. The
transcriptional profiling of these cells revealed that patients who progressed early had an
upregulation of immunosuppressive genes (HIF1, TOP2A, and ISG15) in the tumor posttreatment. Additionally, at baseline, bulk tumor expression from patients who progressed early had
a decrease in genes important for T cell infiltration, migration (CCL3), costimulation (CD226),
and NK cell activation (NCR3 and NCR1).
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Microarray analysis on patient DC revealed that patients with favorable clinical outcomes
had increases in genes important for DC function (NOTCH3 and RELB), co-stimulation (BTNL8),
and antigen presentation (LAMP3), while patients who progressed, had increased gene expression
levels of regulatory markers (CLEC4A), recruitment of MDSCs (TLR7), and immunosuppressive
molecules (TGFB1 and PTGES2). Altogether, the data presented in Appendix B identifies
potential targets for future functional assays that could facilitate higher response rates using DC
vaccines.
Importantly, the transcriptional profiling of melanoma patient DC in both the UPMC 09021 and the UPMC 12-048 clinical trials have suggested dysregulation in classical NF-κB
signaling. This is important because it suggests that optimal NF- κB signaling in patient DC might
influence the generated immune responses. Additionally, transcriptional profiling of the patient
DC from trials has indicated NF-κB signaling correlates with favorable clinical outcomes and the
presence of immune responses. This could suggest that key molecules in the NF-κB signaling
pathways might be potential biomarkers for overall vaccine efficiency, which might lead to greater
success with combination therapies for the treatment of advanced melanoma.
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