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I1l. Abstract

Understanding the comprehensive interactions between genetic changes, epigenetic
dysregulation, aberrant metabolism and immune evasion in cancer provides a deeper
insight into its pathogenesis and progression, and helps identify vulnerabilities for
therapeutic exploration. This Commentary highlights a series of published studies
uncovering the following: molecular mechanisms and prognostic impact of aberrant DNA
methylation/hydroxymethylation in clear cell renal cell carcinoma (ccRCC) which accounts
for 80% of all kidney cancers; the potential of ascorbic acid (AA) in reversing aberrant
methylation in cancers (ccRCC and lymphoma) via activation of the Ten-Eleven
Translocation (TET) enzymes in vitro and in vivo; AA-induced demethylation and re-
expression of tumor-suppressors and endogenous retroviral transcripts in lymphoma
cells; mechanistic and anti-tumor synergy between high-dose AA and anti-PD1
immunotherapy in a lymphoma mouse model; and important considerations while
exploring the potential of AA as an anti-cancer agent in vitro and in vivo to enhance

translation of pre-clinical findings.

These findings have led to two actively accruing multi-center phase 2 randomized trials
combining IV ascorbic acid with standard of care treatment in ccRCC and diffuse large B
cell lymphoma (DLBCL). They also provide a compelling rationale for testing
combinations of high-dose AA and anti-PD1 agents in patients with aggressive B cell

lymphoma and in preclinical models of other malignancies.
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V1. Introduction

The eight recognized hallmarks of cancer (1) constitute fundamental building blocks in the

complexity of cancer biology, and are as follows:

- Sustained proliferative signaling

- Replicative immortality

- Evasion of tumor suppressors

- Resisting cell death

- Induction of angiogenesis

- Activation of invasion and metastasis
- Deregulation of cellular energetics

- Avoiding immune destruction

From a translational standpoint, understanding the molecular mechanisms governing each of
these hallmarks, and how each hallmark interacts with and enables the other through the
various stages of cancer pathogenesis and progression, could help delineate targetable
vulnerabilities. Equally important is understanding the mechanisms of resistance to
conventional therapeutic approaches, such as chemotherapy, radiotherapy, targeted therapy,
and immunotherapy. This aids the pursuit of combinatorial strategies targeting resistance

mechanisms, and enhancing the anti-tumor effects of conventional strategies.

In keeping with the concepts above, this Introduction consists of 5 sub-sections that also, in
part, form the basis of the original scientific investigation described in this thesis: (i)
epigenetic dysregulation in cancer, (ii) aberrant metabolism in cancer, (iii) mechanisms of
immune evasion in cancer; (iv) clear cell renal cell carcinoma as a model for resistant

cancers; and (v) preliminary work leading to the aims of the PhD investigation.

VI.1 Epigenetic dysrequlation in cancer

A brief introduction to epigenetics

Epigenetics is any process that alters the expression of a gene, without a change in the
genetic code, which plays a role not only in normal cellular development and differentiation,
but also in disease. Nuclear chromatin is composed of condensed nucleosome subunits,
each of which consists of approximately 147 base pairs of genomic DNA wrapped around a
histone octamer core consisting of 2 copies each of the core histones H2A, H2B, H3, and H4

(Figure 1). The H1 histone associates with linker DNA connecting nucleosomes (considered
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by some as a part of the nucleosome complex) (2). Epigenetic processes such as DNA
methylation and histone modifications at regulatory regions alter the three-dimensional
structure of chromatin and accessibility of DNA, thereby influencing the binding of
transcription factors and subsequent gene expression (3). The proteins that lay these
epigenetic marks are termed ‘writers’; those that interact with these marks, ‘readers’, and
those that mitigate the marks, ‘erasers’ (4). Tightly condensed chromatin, termed
heterochromatin, consists of predominantly ‘inactive’ genes; in contrast, open chromatin,

termed euchromatin, consists of predominantly active genes (5, 6).

Y Methyl Group

Chromatin

Epigenetic
Factor

Histone
Histone Tails

Chromosome >

Figure 1. A high-level overview of chromatin composition and epigenetic marks (7).

Although RNA modifications resemble DNA modifications and can affect eventual protein
expression, they are not widely considered a part of ‘epigenetics’; and neither are non-coding
RNAs. In fact, an operational definition of epigenetics calls for a modification to be ‘stably
heritable’ in order for it to be considered ‘epigenetics’ (8), although alternate definitions
including non-heritable modifications continue to be used (9). Conceptually, however, rather
than worry about the semantics of different definitions, it is helpful to consider the
modifications that eventually influence biological processes without a change in the genetic
code as a whole, and classify them as modifications at the histone/ DNA (pre-transcriptional),
RNA (post-transcriptional) or protein (post-translational) levels (while recognizing that no
formal definition of epigenetics encompasses all these features).
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DNA methylation

DNA methylation is a heritable epigenetic mark that involves the covalent addition of a
methyl group to the 5-carbon position of cytosine by DNA methyl transferases (DNMTs), and
usually occurs on cytosines that precede a guanine (‘CpG’) (10). A majority of these CpG
dinucleotides are located at ‘CpG islands’: CpG- rich regions that are present in around 70%
of all gene promoters (11). Increased methylation of CpG islands usually leads to
transcriptional silencing of the corresponding gene, either via preventing binding of
transcription factors or via the recruitment of methyl-CpG binding proteins that interact with
repressive histone modifying enzymes (10). While DNMT3A and DNMT3B are involved in de
novo methylation, DNMT1 is involved in maintenance (12). Once a methyl mark is laid, the
enzymes that are involved in active demethylation are the Ten-Eleven Translocation (TET)
dioxygenase enzymes (TET 1,2,3), which belong to the family of Fe?* and 2-oxoglutarate
dependent enzymes (13). They accomplish demethylation via a series of oxidation reactions,
from 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC) to 5-formyl cytosine (5-
fC) to 5-carboxyl cytosine (5-caC). 5-fC and 5-caC are then excised by the enzyme thymine
DNA glycosylase, after which they are replaced with unmodified cytosine by the base
exchange repair (BER) pathway (Figure 2) (13-15). Recent developments in methylation
profiling techniques such as oxidative bisulphite sequencing (16), HELP-GT assay (17) and
hMeDIP sequencing (18), has enabled genome-wide identification and differentiation of
oxidative 5-hmC methylation marks, in addition to 5-mC. Studies have shown that the
inhibitory effect of methyl mark on regulated genes is lost even upon oxidation to 5-hmC (17).
However, the relatively distinct expression/function patterns of the three TET enzymes (and

their isoforms) are currently being delineated (19).

TET

Figure 2. The DNA cytosine methylation cycle (DNMT: DNA methyl transferases; TET: Ten-Eleven
Translocation enzymes; 5-mC: 5-methylcytosine; 5-hmC: 5-hydroxymethylcytosine; 5-fC: 5-formyl
cytosine; 5-caC: 5-carboxyl cytosine) (20).

9



Dysregulation of DNA methylation in cancer

Global and gene specific changes in methylation patterns compared to normal tissue of
origin are characteristic findings in cancers. Although many cancers have been shown to be,
in general, characterized by global hypomethylation, hypermethylation of CpG islands
leading to silencing of tumor suppressors has been frequently reported in cancers. Classic
examples are the hypermethylation of Rb gene in retinoblastoma (21); p16 gene in breast,
lung, colorectal carcinomas (22); and E-cadherin in RCC (23). On the other hand,
hypomethylation of tumor promoters leading to enhanced expression has also been reported
in malignancies (24-26). Furthermore, hydroxymethylcytosine, albeit a much less abundant
mark than methylcytosine, has been shown to be relatively reduced in several cancers (27)

compared to the tissue of origin, affecting gene expression in cancer cells.

Mutations or expression levels of DNMTs and TET enzymes do not fully explain the degree
of methylation/hydroxymethylation aberrancies in cancer (28). That said, mutations have
been reported in these enzymes in cancers. Recurrent DNMT3A loss of function mutations
have been reported in AML, associated with losses of DNA methylation (29, 30). Also, TET2
is frequently mutated in hematologic (both myeloid and lymphoid) malignancies (31).
Because TET enzymes use 2-oxoglutarate as a co-substrate, they are susceptible to
competitive inhibition by accumulation of metabolic intermediates such as hydroxyglutarate,
succinate or fumarate, as a result of inactivating mutations or deletions of genes encoding

their metabolizing enzymes like succinate dehydrogenase and fumarate hydratase (32, 33).

Azacytidine (Aza; Vidaza) and decitabine (5-aza-2'-deoxycytidine), the archetypal DNMT1
inhibitors, are cytosine analogues in which carbon at the C-5 position of the pyrimidine ring is
substituted with nitrogen. When incorporated into DNA, they bind DNMT1 irreversibly,
resulting in DNMT1 degradation and consequently demethylation of DNA. While decitabine
mostly incorporates into DNA, about 80-90% of Aza incorporates into RNA. These agents
are currently used in the clinical setting in higher-risk myelodysplastic syndromes.
Interestingly, apart from causing demethylation and re-expression of silenced tumor
suppressor genes, a global increase of H3 and H4 acetylation has also been observed with
Aza treatment, indicating that mechanisms other than direct DNA demethylation may
contribute to its anti-neoplastic effect, and also indicating a close co-operation between DNA
and histone marks (27). Furthermore, demethylation induced enhanced expression of
endogenous retroviruses (ERVSs) likely also contributes to anti-tumor effects by increasing

immune recognition.
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Histone modifications

Histone modifications are also important mechanisms of regulation of gene transcription.
Each one of the octamer core histones in a nucleosome (H2A, H2B, H3, and H4) has a tail
extension, which are targets of histone modifications. A wide range of histone post-
translational modifications are known to occur, including acetylation, methylation,
ubiquitination,phosphorylation and others (34, 35) (Figure 3) . Such modifications can affect
chromatin remodeling and gene regulation through two central mechanisms: one,
neutralization of amino acid charge; and two, serving as docking sites for proteins that then

regulate chromatin structure (34, 36).

Acetylation or phosphorylation of lysines on histones neutralizes the positive charge of
lysine, thereby weakening interactions between the N terminus of the histone and the
negatively charged phosphate group of DNA, to increase chromatin accessibility (37, 38).
Histone acetyl transferases (HATS) lay the acetyl group, whereas histone deacetylases
(HDACSs) remove them (27). HATSs are classified into Type A (acetylate chromatin bound
histones and nuclear proteins) or Type B (acetylate newly translated histone H3 and H4).
HDACSs are divided into 4 classes based on homology and structure: classes I, Il and IV are
Zn?*-dependent HDACs while class Il is made up of NAD-dependent sirtuins (3, 27, 36).

Methylation of histones by histone methyltransferases can either activate or repress
transcription, depending on the amino acid being methylated and the presence of other
methyl or acetyl groups in the vicinity. For example, trimethylation of histone H3 at lysine 4
(H3K4me3) is a signal for transcriptional activation, whereas dimethylation of histone H3 at
lysine 9 (H3K9me?2) is a signal for transcriptional silencing (39). The two major classes of
histone methyltransferases are lysine methyltransferases (KMTs) and protein arginine
methyltransferases (PRMTs)(27). As an opposing mechanism, histone demethylases remove
the histone methyl mark. The two classes of lysine demethylases (KDMs) that demethylate
histones are the amine oxidases and the 2-oxoglutarate dependent Jumonji domain (JmjC)

containing demethylases (3, 27, 36).
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Figure 3. The most common histone modifications (40).

Dysregulation of histone modifications in cancer

Histone deacetylases (HDACSs) have been shown to be over-expressed in cancers resulting
in loss of global histone acetylation and subsequent inhibition of tumor suppressor gene
expression. Since HDACs (Class I, I, and V) are Zn?*-dependent, non-selective HDAC
inhibitors target the zinc ion in the active site of HDACSs to inhibit their enzymatic activity.
Vorinostat (used in the treatment of cutaneous T cell ymphoma, CTCL), belinostat (for
peripheral T cell ymphomas, PTCL) and panobinostat (for multiple myeloma) are all non-
selective HDAC inhibitors that inhibit all Zn?*-dependent HDACs. Selective HDAC inhibitors
include romidepsin (used in treatment of CTCL and PTCL), which targets specifically class |
HDACSs, and ricolinostat (in clinical trials for multiple myeloma, lymphoma), which targets a
specifically class Il HDAC (27, 41) (Figure 4).

Histone acetyl transferases (HATS) have been reported to be inactivated via deletions or
mutation in cancers. For example, around 40% of diffuse large B cell ymphoma (DLBCL)
and follicular lymphoma (FL) have inactivating mutations or deletions of p300/CBP (cyclic

AMP response element- binding protein) (42).
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Both activation and inactivation of specific Histone methyltransferases has been
demonstrated in cancer. Activating mutations of EZH2 (Enhancer of Zeste Homolog 2) which
catalyzes di- and tri-methylation of H3K27 thereby repressing transcription of tumor
suppressors has been reported in 22% of DLBCLs. EZH2 inhibitors have demonstrated

efficacy in early phase trials in EZH2 mutated DLBCLs (43).

Put together, dysregulation of DNA methylation and histone modifications (particularly
acetylation and methylation), constitute a bulk of the currently recognized, and targeted,
‘epigenetic’ aberrancies in cancer (Figure 4). This dysregulation in cancer allows the
simultaneous reduction in expression of several ‘tumor-suppressor’ genes, causing their

cumulative loss of function, even without any inactivating mutations in these genes.
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Figure 4. Epigenetic dysregulation in cancer and epigenetic therapeutic classes. Altered levels of
histone and DNA epigenetic marks lead to abnormal gene expression, and 8 different classes of
epigenetic therapeutic agents are either in clinical use or being investigated for potential benefit:
DNMT inhibitors; HDAC inhibitors; HAT inhibitors; BRD inhibitors; KDM inhibitors; PRMT inhibitors; E3
ligase inhibitors; and DUB inhibitors (44). (Abbreviations- DNMT: DNA Methyltransferase; HDAC:
Histone Deacetylase; HAT: Histone Acetyltransferase; KMT: Histone lysine methyltransferase; KDM:
Histone lysine demethylase; PRMT: Protein arginine methyltransferase; BRD: Bromodomain; DUB:
deubiquitinating enzymes).
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VI.2 Immune evasion in cancer

Given the rapid clinical translation in the field of harnessing the immune system for
therapeutic benefit, it would be beneficial to discuss this topic not only by throwing light on
the different mechanisms adopted by cancer cells to evade immune killing, but also with a
review/ perspective on the past, current, and future translation to the bedside. As related to
this PhD study, one malignhancy, renal cell carcinoma, is discussed here, recognizing that
while several of the mechanisms overlap, there are significant differences in the degree to

which a particular mechanism contributes to immune evasion between different cancers.

Clear cell renal cell carcinoma (ccRCC) accounts for ~75-80% of all RCC, and biallelic Von
Hippel-Lindau (VHL) gene defects occur in ~75% of sporadic ccRCC (45). The molecular
etiopathogenesis of VHL mutant metastatic RCC is a sequence of events which can be
grouped under the following: (i) loss of VHL activity (germline/somatic mutation + inactivation
of the wild-type copy); (ii) constitutive activation of the hypoxia-inducible factor (HIF) pathway
due to loss of VHL activity and transcription of genes involved in angiogenesis, survival,
anaerobic glycolysis, pentose phosphate pathway, epithelial-mesenchymal transition,
invasion, and metastasis (iii) interactions of the HIF pathway with other oncogenic pathways;
(iv) genome-wide epigenetic changes (potentially driven by an overactive HIF pathway) and
the influence of epigenetics on various apoptotic, oncogenic, cell cycle regulatory and
mismatch repair pathways (inhibition of multiple tumor suppressor genes); (v) immune
evasion, partially caused by changes in the epigenome (45). These mechanisms interact

throughout the pathogenesis and progression of disease, and confer resistance.

Renal cell carcinoma (RCC) is considered an immunogenic tumor, with immunotherapy
being a part of its treatment landscape for decades. Although interleukin 2 (IL-2) and
interferon alpha (IFN-a) were approved in the 1990s, they were effective in a small
percentage of patients and had significant toxicity, often resulting in patients requiring
intensive care for cytokine-driven hemodynamic instability (46, 47). The advent of checkpoint
blockade has advanced the field of immunotherapy in RCC, both in terms of efficacy and
safety (48, 49). However, several patients still fail to respond to single agent or combination
checkpoint blockade. As such, a comprehensive understanding of immune evasion
mechanisms in RCC is needed to help develop more effective combinations that provide
mechanistic synergy and bring to light aspects that may not be currently countered in the

clinical setting, representing potential opportunities for therapeutic exploration.

As mentioned above, ccRCC accounts for a large majority (~80%) of all RCC (45). Non-clear

cell renal cell carcinomas (nccRCC) include papillary, chromophobe, collecting duct,
14



unclassified, and translocation carcinomas. In the 1990s, when IL-2 and IFN-a were studied
in metastatic renal cancer, the selection criteria did not limit patients to clear cell histology
(50, 51). Over the last two decades, however, after the Heidelberg classification of renal
tumors (52) and starting with the randomized study investigating high dose vs low dose IL-2
in RCC (53), large randomized ‘RCC’ trials have limited the selection criteria to clear cell
histology, unless otherwise specified. Therefore, where unspecified, ‘RCC’ mainly refers to

clear cell histology.

Recently, the FDA approved two “checkpoint inhibitor plus tyrosine kinase inhibitor (TKI)”
combinations in the first-line setting for advanced RCC: pembrolizumab (humanized anti-PD1
antibody) plus axitinib (small molecule TKI), and avelumab (fully human monoclonal anti-PD-
L1) plus axitinib. Both combinations were tested against sunitinib (also a small molecule TKI)
in large, randomized, multi-center trials, and demonstrated improved median progression-
free survival with a 4-5 month margin and superior overall response rates (55-60%, in
comparison with 26-35% with sunitinib) (54, 55). Although it remains unclear how the
combinations fare in comparison with sequential treatment with single-agent TKIs (approved
in the first-line setting) and single-agent anti-PD1 checkpoint inhibition (approved in the
second-line setting), both combinations are attractive options particularly for patients with
high disease burden and intermediate-poor risk, given the superior response rates. In these
patients, the need for a quick disease burden reduction provides sufficient rationale to
account for the increased risk of adverse effects, which are largely manageable except in a
very small minority of patients. Notwithstanding these approvals, there is much room for

improvement in combination strategies targeting immune evasion.

This section summarizes the currently known mechanisms of immune evasion in RCC,
categorizing them as follows: loss of antigen-presenting ability; immune checkpoint signaling;
tumor-associated gangliosides; tumor-associated metabolites; tumor-promoting immune cells
in the microenvironment and their inhibitory cytokines; impaired immune cell trafficking;
inhibitory cytokines released by tumor-promoting immune cells in the microenvironment, and

metabolite- induced immunosuppression (depicted in Figure 5) (56).

Loss of antigen-presenting ability

Major histocompatibility complex (MHC) class | molecules are highly polymorphic proteins
that bind to antigenic peptides and present these peptides to cytotoxic T cells. Co-ordinated

antigen processing and presentation facilitates effective anti-tumor immune function (57, 58).
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Abnormalities in MHC class | have been reported in different tumor types leading to
dysfunction in various steps of antigen processing. These abnormalities include structural
alterations or dysregulation of HLA class | antigens, and of different HLA class |- associated
antigen processing machinery (APM) components. Loss of expression/ function of HLA and
APM components resulting in poor antigen presentation is an important mechanism of

escaping immune surveillance in cancers (57, 58).

ccRCC has been reported to have a partial loss of HLA class | molecules in 39% of cases,
and complete loss in 6% (59). Down-regulation of genes needed for antigen processing,
such as the transporters associated with antigen processing (TAP)1 and TAP2, and the
proteasomal components low molecular weight proteins (LMP)2 and LMP7, has been
reported in RCC (60). Furthermore, reduced expression of HLA heavy chain (HLAhc) and
beta-2-microglobulin (B2M) in ccRCC is associated with metastatic spread and worse

prognosis (59).

Immune checkpoint signaling

The B7 family of peripheral membrane proteins found on tumor cells and antigen presenting
cells play a critical role in modulating T cell responses when paired with specific molecules
on T cells (61). The growing B7 family consists of seven members: B7-1 (CD80), B7-2
(CD86), B7-DC (CD273, PD-L2), B7-H1 (CD274, PD-L1), B7-H2 (ICOS-L), B7-H3 (CD276),
and B7-H4 (B7x, B7S1).

PD-L1 (Programmed death ligand 1) expressed on tumor cells and antigen presenting cells
inhibits not only PD-1 (Programmed death 1)- expressing cytotoxic T cells (as previously
thought), but also natural killer (NK) cells and dendritic cells, by inducing an exhaustion
signature (62-65). The inhibitory PD-1/PD-L1 axis has been targeted in renal cell carcinoma
with clinical benefit. Nivolumab, a human IgG4 monoclonal antibody (mAb) that blocks PD-1,
has been approved in the second line setting after disease progression on a TKI (66).
Nivolumab has also been approved in the first line setting in combination with Ipilimumab (a
mADb that blocks CTLA-4) in intermediate and poor risk renal cell carcinoma (54).
Pembrolizumab, a humanized anti-PD1 antibody, has been approved in the first line setting
in combination with axitinib (small molecule TKI) (67). Avelumab, a fully human mAb that
targets PD-L1, has also been approved in the first line setting in combination with axitinib
(67). The expression of PD-L1 in RCC has been shown to have a weak correlation between

primary tumor and metastatic sites (68), thereby making it a relatively poor biomarker for
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patient selection for anti-PD-1/ PD-L1 immunotherapy, based on nephrectomy specimen
expression. The PD-1/PD-L1 axis holds particularly significant therapeutic promise in
sarcomatoid RCC, a highly aggressive form of RCC characterized by spindle cells, high
cellularity and cellular atypia, which can be a component of either clear cell or non-clear cell
histologies. In one study, intra-tumoral PD-1 and PD-L1 expression was found in 96% and
54% of sarcomatoid RCC, compared to 62% and 17% of clear cell RCC specimens (69).
Furthermore, co-expression of PD-L1 on tumor cells and PD-1 on tumor-infiltrating
lymphocytes (TILs) was found in 50% of all sarcomatoid RCC cases, compared to only 3%
with clear cell RCC (69). In keeping with these findings, evidence from a single institution
retrospective study indicates that checkpoint blockade may be very beneficial in sarcomatoid

RCC, with an objective response rate of 62% and a complete response rate of 15% (70).

CTLA-4 (cytotoxic T-lymphocyte-associated protein 4), an inducible receptor expressed by
cytotoxic T cells binds with B7-1/ B7-2 on antigen presenting cells, leading to T cell inhibition
(71, 72). As mentioned above, ipilimumab (anti-CTLA-4) has been approved in combination
with anti-PD1 in the first line setting of advanced RCC (73).

B7-H4 is a negative regulator of cytotoxic T cell response (74), and masking of B7-H4 with a
specific blocking antibody may increase the cytotoxicity of T cells in ccRCC (75). Soluble
levels of B7-H4 are higher than normal in patients with non-metastatic RCC (76) and
correlate with less differentiated tumors, higher invasive and metastatic potential, and a
worse response to anti-VEGF therapy (76, 77). B7-H4-mediated inhibition of cytotoxic T cell
response may be an important reason for the low efficacy of interleukin-2 and interferons in
metastatic RCC (75). Strategies aimed at blocking B7-H4 are being developed to restore

antitumor T-cell responses and to improve the efficacy of cancer immunotherapy (78, 79).

Tim-3 (T cell immmunoglobulin and mucin-domain containing-3), an inhibitory receptor on T
cells, plays a key role in inhibiting Thl responses and the expression of cytokines such as
IFN-y. It has been found to be overexpressed in ccRCC, and is associated with worse

prognosis (80).

LAG-3 (Lymphocyte activation gene-3), another inhibitory receptor on T cells, has been
recently shown to be an important immune checkpoint in RCC (81). TILs and peripheral
blood mononuclear cells isolated from RCC patients were studied with intracellular cytokine
staining after in vitro stimulation in the presence or absence of PD-1 +/- LAG-3 or Tim-3—
specific antibodies. PD1 blockade increased LAG-3 (but not Tim-3) expression. Dual
blockade of PD-1 and LAG-3 (not PD-1 and Tim-3) increased IFN-y release with in vitro
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stimulation, suggesting that dual targeting of PD-1 and LAG-3 may be a promising

therapeutic strategy in this malignancy (81).

HLA-G is a checkpoint molecule with emerging significance in cancers (82). Whether
membrane bound or soluble, it strongly binds to its inhibitory receptors on effector immune
cells (NK, T, B, monocyte/dendritic cells), and broadly inhibits the function of these cells (83).
There are two main receptors for HLA-G on immune cells- ILT2 (expressed on monocytes/
dendritic cells, B cells, and some T and NK cells) and ILT4 (expressed on neutrophils and
myeloid cells)(84). Aberrant induction of HLA-G expression has been demonstrated in several

malignancies, including RCC, and is associated with worse prognosis (83-85).

HLA-E is a class Ib MHC molecule. It is overexpressed in several cancers, including RCC (86,
87). HLA-E binds to its receptors CD94/NKG2A, -B and -C on NK and T cells, and has a

suppressive effect on these cells.

Put together, checkpoint interactions such as PD-1<-> PD-L1, CTLA4<->B7-1/2, TIM-
3<>Galectin-9, LAG-3<->MCH lI, play an important role in immune evasion of cancers.

Tumor-associated gangliosides

Gangliosides are structurally diverse acidic glycosphingolipids that are present in the plasma
membranes and play an integral role in cell signaling, cell adhesion, and differentiation and
growth (88). Increased expression of gangliosides and its shedding into the tumor
microenvironment disrupts the normal functioning of T cells (89-91). Gangliosides derived
from supernatants of RCC explants have been shown to inhibit IFN-y production,
downregulate Thl-type responses, and skew T-cell responses toward Th2-type (92). RCC-
associated gangliosides have been shown to inhibit NFkB activation, and also reduce BCL-2
and BCL-X expression in effector T cells, thereby promoting apoptosis in these cells (93-95).
Disialosyl globopentaosylceramide (DSGb5) is a ganglioside originally isolated from tissue
extracts of RCC, and increased expression of DSGb5 is associated with lower recurrence-
free survival in RCC (96). DSGb5 expressed on RCC cells binds to sialic acid-binding Ig-like
lectin 7 (Siglec-7) on NK cells, which leads to inhibition of NK cell cytotoxicity (97).

Tumor-associated metabolites
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Tumor-associated metabolites play an important role in immunosuppression in the cancer
microenvironment, particularly so in ccRCC. This malignancy expresses high levels of
metabolites such as lactate, 2-hydroxylutarate and kynurenine metabolites (98), which have
been shown to have an inhibitory effect on various effector cells and portend poor prognosis
in ccRCC (70, 86, 99-102).

Tumor-promoting immune cells in the tumor microenvironment and their inhibitory cytokines

The tumor microenvironment (TME) is a heterogeneous network of cellular interactions that
play a role in altering the course of tumorigenesis into either progression or suppression
(103, 104). The TME in RCC typically has a prominent immune cell infiltrate, including CD8+
T cells, NK cells, macrophages and dendritic cells (105, 106). However, along with effector
cells, the TME in RCC is also characterized by several suppressive immune cell types that

aid immune escape:

-A unique subset of dendritic cells [CD209+CD14+CD163+] has been shown to be highly
infiltrated in RCC tissues and associated with an unfavorable Th1l cell balance and advanced
stage in RCC (107). These CD209+ dendritic cells in RCC are unusual because they co-
express macrophage markers (CD14, CD163) (107). These cells secrete metalloproteinase 9
(MMP9) and crosstalk with T-cells to increase tumor-promoting TNF- a and reduce
chemokines relevant for Th1l-polarized lymphocyte recruitment.

-Regulatory T cells (Tregs) are CD4+CD25+FOXP3+ T cells that exert an
immunosuppressive effect on anti-tumor immune cells (108). Tregs secrete suppressive
cytokines such as transforming growth factor-g (TGF-B) and IL-10, express CTLA-4 and
promote tumor progression (108). Presence of higher number of Tregs in the
microenvironment is associated with a poor prognosis in RCC (107, 109), and a higher T
effector/Treg ratio is associated with a lower recurrence rate (110). Tregs in RCC have
higher CXCR4 expression and consequently, CXCR4 receptor antagonism reverses Treg
immunosuppressive function (111). In mouse models of other tumor types, CXCR4 receptor
blockade has been shown to induce tumor shrinkage and combinatorial efficacy with anti-
PD1 (112, 113).

-Myeloid derived suppressor cells (MDSCs) have also been shown to play a role in immune

evasion in RCC (101), and secrete suppressive cytokines such as IL-10 and TGF-$ (114).

Polymorphonuclear MDSCs and immature MDSCs are increased both within the RCC tumor

and peripheral blood compared to normal control (101). Targeting PMN MDSCs with CXCR2
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blockade enhanced the efficacy of anti-PD1 in a syngeneic renal cancer mouse model
(Renca) (101). Similarly, targeting Interleukin 13 (a cytokine that attracts MDSCs), decreased
intra-tumoral MDSCs, and delayed tumor growth (101).

Tumor-associated macrophages (TAMs) in RCC show a mixed M1/M2 phenotype. A higher
M2 phenotype is associated with worse prognosis (75, 115), and M2 macrophages stimulate
angiogenesis as well as aid invasiveness through the secretion of cytokines such as IL-10
and TGF- (116, 117) as well as matrix metalloproteinases (115, 117).

The effector TILs in ccRCC have an anergic signature (from exposure to inhibitory cytokines,
metabolites, gangliosides and checkpoints) characterized by high diacylglycerol kinase a
(DGKa) expression, low activation of extracellular signal-regulated kinase (ERK), c-Jun N-
terminal kinase (JNK) and AKT (118). DGKa is a physiologic inhibitor of T cell receptor (TCR)
signaling and inhibition of DGKa leads to increased ERK activation and improved
degranulation (118). This anergic signature may in part explain why, unlike in other tumors, a
higher number of intratumoral CD8+ cells in ccRCC TME is actually associated with higher
stage and worse prognosis (119). Of note, however, and importantly, this prognostic impact
of intratumoral CD8+ T cells in ccRCC was reported prior to the era of immune checkpoint
inhibition with anti-PD-1 and anti-CTLA-4.

Impaired immune cell trafficking

Cell adhesion molecules (CAMs) such as intercellular cell adhesion molecule-1 (ICAM-1),
vascular endothelial cell adhesion molecule-1 (VCAM-1), E-selectin, and P-selectin are
responsible for recruiting leukocytes and mediating leukocytes extravasation to inflammatory
sites (120, 121). When RCC cells are enriched with TNF-alpha, they counter immune
recognition by decreasing ICAM-1, VCAM-1 and E-selectin expression, thereby reducing
endothelial attachment of peripheral blood lymphocytes and polymorphonuclear neutrophils
(122, 123). Additionally, VHL tumor suppressor protein loss in RCC downregulates VCAM-1
transcription independent of hypoxia-inducible factor (HIF) and dependent on the NFkB
signaling pathway (123). Several studies have demonstrated that higher levels of VCAM-1
are associated with better prognosis in RCC (123-126). Taken together, the ability of RCC to
impair further leukocyte extravasation by reducing endothelial ICAM-1, VCAM-1 and E-
selectin expression likely contributes to immune evasion to some extent. However, given the
reasonably prominent immune cell infiltrate in RCC TME, this mechanism of immune evasion

is likely of lower clinical importance.
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Other mechanisms inhibiting effector CD8+ T cells and NK cells

RCC cells are capable of directly inducing apoptosis in activated T cells via the FAS/FASL
interaction and subsequent activation of caspases (93, 127). Activated T cells displayed
increased apoptosis when cultured in the presence of FasL+ RCC tumors, and the degree of

apoptosis was significantly reduced by introduction of a neutralizing anti-FasL antibody (93).

NKG2D is an activating transmembrane glycoprotein receptor expressed on NK and T cells.
The interaction of NKG2D with multiple ligands leads to the activation of NK cells and co-
stimulation of CD8 T cells (128). RCC has been shown to have a marked under-expression

of NKG2D ligands (85), thereby inhibiting this activation signal.
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Bcl-xL, and also inhibit NF-kb to prompt T cell pro-apoptotic events. DSGb5 (a membrane ganglioside
on RCC cells) binds to Siglec-7 on NK cells to dampen cytolytic activity. (d) Tumor- associated
metabolites: metabolites such as lactate, hydroxyglutarate, kynurenine, succinate etc. released by
RCC cells inhibit effector immune cells. (e) Tumor-promoting immune cells in the
microenvironment and their inhibitory cytokines: such as IL-10 and TGF-beta, released by T regs,
MDSCs, and M2 macrophages. (f) Other mechanisms inhibiting effector CD8+ T cells and NK
cells: Reduced expression of NKG2D ligands and immune checkpoints also contribute to reduced NK
cytolytic activity. Direct induction of CD8 T cell apoptosis via FAS€&—->FASL and activation of
caspases. (Abbreviations- LMP: latent membrane protein; TAP1: transporter 1; PD-1: Programmed
cell death protein 1; PD-L1: Programmed death-ligand 1; TIM-3: T cell immunoglobulin and mucin
domain-containing protein 3; LAG3: Lymphocyte-activation gene 3; DSGb5: disialosyl
globopentaosylceramide; Siglec?: Sialic acid-binding immunoglobulin-like lectin-7; Bcl-2: B-cell
lymphoma 2; BAX: Bcl-2-associated X).(56)

VI1.3 Metabolic dysregulation in cancer

Our understanding of the role of aberrant cancer metabolism in fostering the various aspects
of cancer progression has evolved significantly over the last decade. The six ‘hallmarks of
cancer metabolism’ (129), which provide a conceptual framework to understand the process,

are as follows:

deregulated uptake of glucose and amino acids,

use of opportunistic modes of nutrient acquisition,

use of glycolysis/TCA cycle intermediates for biosynthesis and NADPH production,
increased demand for nitrogen,

metabolite-driven gene regulation, and

o gk w NP

metabolic interactions with the microenvironment.

Deregulated uptake of glucose and amino acids

Otto Warburg, in 1927, postulated the shift in cancer cell metabolism toward glycolysis as the
primary source of energy gain, in what is now known as the Warburg Effect (130). The
upregulation of glucose transporters, primarily GLUTs 1, 3, and 4, has been observed in
several cancers (131-135). Despite its lower yield of ATP when compared to that of oxidative
phosphorylation, glycolysis is by far the most time-effective process to generate additional
energy (135). Since glycolysis is a cytoplasmic process, energy is generated for unchecked
proliferation, migration, and invasion, bypassing the need for mitochondrial transport (136).

Several oncogenes upregulate glucose transporter expression (135).

Glutamine serves as an important source of reduced nitrogen and as a source of carbon.
The reduced nitrogen is used for biosynthetic reactions, and the carbon is used to replenish

the tricarboxylic acid (TCA) cycle intermediates, producing glutathione as a precursor to
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nucleotides and lipid synthesis via reductive carboxylation (129, 137, 138). Glutamine has
also been reported to play a role in the uptake of essential amino acids. The import of
leucine, an essential amino acid, through the localized neutral amino acid antiporter (LAT1)
was shown to be coupled with simultaneous efflux of glutamine (139). The upregulation of
transcription factors c-myc and E2Fis a principal driver of glutamine transport and utilization
by proliferating cells. These transcription factors enhance transcription of glutamine
transporters ASCT2 and SN2, and also facilitate conversion of glutamine to glutamate (140-
142).

Use of opportunistic modes of nutrient acquisition

Cancer cells also possess the ability to recover amino acids from the immediate extracellular
microenvironment. Imbibing extracellular proteins via macropinocytosis (143, 144), entosis of
entire living cells (145, 146), phagocytosis of apoptotic bodies (147), are some of the
opportunistic modes of nutrient acquisition. In addition, cancer cells can also withstand long

periods of nutrient deprivation via the self-catabolic process of macroautophagy (148).

Use of glycolysis/TCA cycle intermediates for biosynthesis and NADPH production

Metabolic intermediates from glycolysis (mainly) and TCA cycle (partly) constitute the major
source for rapid biosynthesis of macromolecules, membranes, and organelles in cancer cells
(Table 1).

Table 1. Use of glycolysis/TCA cycle intermediates for biosynthesis and NADPH production.

Glycolysis intermediate Biosynthetic process

Pentose Phosphate Pathway
Glucose-6-phosphate Used for NADPH production and ribose-5-phosphate- an
integral component of nucleosides (149)

Hexosamine biosynthesis
Used in heparan sulfate and hyaluronic acid biosynthesis,
Fructose-6-phosphate potentiation of receptor-mediated signaling, and
stabilization of certain proteins (150)
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Glycerol-3-phosphate biosynthesis
Used in phospholipid synthesis

Dihydroxyacetone phosphate

Serine biosynthesis
Up to 50% of glucose-derived carbon is used in serine
biosynthesis and subsequent use:

-as a carbon donor for the one carbon cycle and
biosynthesis of nitrogenous bases
-biosynthesis of S-adenosyl methionine- the main substrate
for all cellular methylation reactions
-as a major source of cellular NADPH (151, 152)

3-Phosphoglycerate

TCA cycle intermediate Biosynthetic process

Transported to cytosol via the tricarboxylate carrier and
converted to Acetyl CoA and oxaloacetate

Citrate -Acetyl CoA is used for fatty acid/ cholesterol biosynthesis
-Oxaloacetate is converted to malate which is imported to
mitochondria to maintain anaplerosis (153)
Oxaloacetate Non-essential’ amino acids - aspartate and asparagine

(154)

Increased demand for nitrogen

Along with the increased carbon demands, a proliferating cell also has greatly enhanced
nitrogen demands. Glutamine, a non-essential amino acid whose uptake in increased by the
transcriptional activity of oncogenes such as c-myc, serves as the major nitrogen donor in a
proliferating cancer cell. Its amide group is a key donor of nitrogen for the biosynthesis of
purine and pyrimidine bases. In addition, aspartate, which is a distal catabolite of glutamine,

is used in the formation of purine and pyrimidine rings.

Metabolite-driven gene regulation

Metabolites play a key role in epigenetic modifications (Table 2), thereby having a marked
influence on gene regulation. In addition to these epigenetic modifications, certain metabolic
intermediates also function as co-substrates or competitive inhibitors of enzymes involved in
epigenetic regulation or transcription factor processing (Figure 6). This hallmark of cancer
metabolism is of particular significance with regards to this PhD study.
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Table 2. Metabolite-driven gene regulation.

Metabolite

Gene regulation process

Acetyl CoA (derived from citrate and acetate)

Histone acetylation-> increased accessibility
of genomic DNA for the assembly of
transcriptional complex (155)

Crotonyl CoA (derived from lysine and
tryptophan)

Histone crotonylation-> activates gene
expression even more potently than acetyl
marks (156)

S-Adenosyl methionine (derived from serine
catabolism)

Histone methylation, DNA (cytosine)
methylation, mMRNA (adenosine) methylation
(157, 158)

Succinyl-CoA, Malonyl CoA, Propionyl CoA,
Butyryl CoA, Formyl CoA

Histone succinylation, malonylation,
propionylation, butyrylation, formylation (159-
161)-> ?effect
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Figure 6. TCA cycle intermediates competitively inhibiting 2-oxoglutarate dependent enzymes,
including Ten-Eleven-Translocation enzymes involved in DNA demethylation and Hypoxia Inducible
Factor (HIF) prolyl hydroxylases involved in post-translational regulation of HIF. HIF may be involved
in the increased expression of DNMT in some cancers, particularly the enhanced expression of
DNMT1 in ccRCC (162)(Abbreviations: 20G: 2-Oxoglutarate; 2HG: 2-Hydroxyglutarate; HIF: Hypoxia Inducible
Factor; DNMT: DNA methyl transferases; TET: Ten-Eleven Translocation enzymes; 5-mC: 5-methylcytosine; 5-
hmC: 5-hydroxymethylcytosine; 5-fC: 5-formyl cytosine; 5-caC: 5-carboxyl cytosine; KDM; Lysine Demethylases;
SDH: Succinate dehydrogenase; FH: Fumarate hydratase; MDH: Malate dehydrogenase).

Metabolic interactions with the tumor microenvironment

The metabolites secreted by cancer cells have a profound effect on the microenvironment,
promoting an immune-permissive environment, angiogenesis, degradation of extracellular
matrix, thereby playing a critical role in progression, invasion and metastasis of cancer cells
(Table 3).

Table 3. Metabolites that interact with the tumor microenvironment.

Metabolite Microenvironment

-Inhibits dendritic cells and cytotoxic T cells
(163-165)

-Macrophage polarization from M1 to M2
Lactate - )
(immune-suppressive subtype) (166)
-Promotes angiogenesis (induces VEGF
secretion from stromal cells, and HIF-1
activation in endothelial cells) (167, 168)

-promotes regulatory T cell phenotype (169)

Kynurenine

-promotes degradation of the extracellular
matrix and invasion (170)

Acidification of the extracellular space (via -stimulates proteolytic activity of matrix
lactate, H* and COy) metalloproteinases (MMP) and cathepsins,
promoting tumor invasion (171)
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VI.4 ccRCC as a model for resistant cancers

While most malignancies demonstrate initial sensitivity to conventional chemotherapeutic
agents and subsequent resistance, ccRCC is relatively unique in its upfront, innate,
chemoresistance as well as resistance to conventional radiotherapy (172-174). As a result, it
serves as a compelling model to study mechanisms of resistance and strategies to overcome

or evade resistance mechanisms.

Apart from the dysregulated hypoxia signaling (secondary to VHL function loss), ccRCC has
been found to be an epigenetically unique solid tumor, characterized by genome-wide
hypermethylation that confers worse prognosis (175). Motif analysis of aberrantly
hypermethylated regions revealed enrichment for binding sites to transcription factors
involved in hypoxia signaling (175), suggesting a link between aberrant methylation and the
pseudo-hypoxic signature in ccRCC. A comprehensive understanding of these two central
features, therefore, is essential to discerning the pathogenesis and progression of this

disease, and exploring therapeutic strategies.
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VII. Sequential exploring of the unknowns (Aims of the PhD
investigation):

What is the role of DNA methylation in RCC pathogenesis?
What is the role of dysregulated hypoxia signaling in RCC pathogenesis?

What is the comprehensive understanding, to date, of key molecular
pathogenetic features in ccRCC?

How can these aberrancies be targeted?

1. Shenoy N*, Pagliaro L: Sequential pathogenesis of metastatic VHL mutant clear cell renal
cell carcinoma: putting it together with a translational perspective.” Ann Oncol, 2016
Sep;27(9):1685-95. PMID:27329246. *corresponding

What is the status of DNA hydroxymethylation (5hmC) in RCC?
Is there a prognostic role for 5hmC in RCC?
What is the mechanistic basis for loss of 5hmC and gain of 5mC in RCC?

Rather than suppressing DNMT enzymes, can we enhance demethylation (via
increased hydroxymethylation) by activating the TET enzymes using ascorbic
acid (AA)?

Can AA reactivate tumor-suppressor genes silenced by methylation?

What is the protein-level interaction between the TET-2 protein and AA in the
presence and absence of the TET inhibitory metabolite L-2-hydroxyglutarate.

Does high dose AA have an RCC proliferation inhibitory effect in vitro and in
vivo?

Are the epigenetic changes induced by AA in RCC tumors in vivo?

2. Shenoy N*, et al. Ascorbic acid-induced TET activation mitigates adverse
hydroxymethylcytosine loss in renal cell carcinoma. J Clin Invest 2019 Mar 4, 130:1612-
1625. *co-corresponding

Does the AA-induced DNA demethylation have a role in other malignancies?

Can it be used as a chemotherapy-sensitizer in lymphoma?

3. Shenoy N*, et al. Upregulation of TET activity with ascorbic acid induces epigenetic
modulation of lymphoma cells. Blood Cancer J. 2017 Jul 21;7(7): e587. *co-corresponding
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What are the different mechanisms of anti-cancer activity of AA in relation to
pharmacokinetics?

What is the history and evolution of ascorbic acid as an anti-cancer agent?

What are the future directions for exploring AA as an anti-cancer agent, in light of
new emerging data?

4. Shenoy N*, et al. Ascorbic acid in cancer treatment: Let the phoenix fly. Cancer Cell.
2018 Nov 12;34(5):700-706.(Review) PMID: 30174242. *co-corresponding

Can we use the demethylating property of AA and increase the expression of
endogenous retroviral elements in cancer cells, thereby making them more
immunogenic (i.e. using AA to enhance immune recognition of cancer)?

Is there an additive or synergistic effect of AA with anti-PD1 immunotherapy?

5. Luchtel R, Bhagat T, Pradhan K, Jacobs WR, Levine M, Verma A, Shenoy N*. High-dose
Ascorbic acid synergizes with anti-PD1 in a Lymphoma mouse model. Proc Natl Acad Sci
USA. 2020 Jan 21;117(3):1666-1677 *senior corresponding

1 Technical observations and offshoot projects during the PhD investigation

6. Shenoy N* et al. Drugs with anti-oxidant properties can interfere with cell viability
measurements by assays that rely on the reducing property of viable cells. Lab Invest. 2017
Feb 27. Pathobiology in focus. PMID: 28240748. *co-corresponding

7. Shenoy N* et al. Association between renal cell carcinoma and myelodysplastic
syndromes: epigenetic underpinning? Clin Genitourin Cancer. 2018 Dec.*co-corresponding

Appendix:

8. Shenoy N*. HIF1a is not a target of 14q deletion in clear cell renal cancer. Under review at
PLOS Genetics *single author

(Yellow highlighted articles represent original scientific investigations as first/ corresponding
author. Turquoise highlighted articles represent comprehensive reviews as first/
corresponding author)
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VIII.1 Sequential pathogenesis of metastatic VHL mutant clear cell
renal cell carcinoma: putting it together with a translational
perspective
(Shenoy N*, Pagliaro L. Ann Oncol, 2016; *corresponding)(45)

[Personal contribution; conceptualization; literature search; drafting manuscript; editing manuscript;
visualization (figure); correspondence. This article was submitted as a single author-paper to a Nature
reviews journal (and rejected), prior to submission to Annals of Oncology after Dr. Pagliaro’s edits]

This comprehensive review cum perspective article details the step-wise molecular

pathogenesis and progression of ccRCC, with a perspective on translational strategies.

The review groups the sequence of events in the molecular etiopathogenesis of VHL mutant
metastatic RCC as follows: (i) loss of VHL activity (germline/somatic mutation + inactivation
of the wild-type copy); (ii) constitutive activation of the hypoxia-inducible factor (HIF) pathway
due to loss of VHL activity and transcription of genes involved in angiogenesis, survival,
anaerobic glycolysis, pentose phosphate pathway, epithelial-mesenchymal transition,
invasion, and metastasis (iii) interactions of the HIF pathway with other oncogenic pathways;
(iv) genome-wide epigenetic changes (potentially driven by an overactive HIF pathway) and
the influence of epigenetics on various apoptotic, oncogenic, cell cycle regulatory and
mismatch repair pathways (e.g. through inhibition of multiple tumor suppressor genes); (v)

immune evasion, partially caused by changes in the epigenome.

The review also reflects on the massive gap between our understanding of the molecular
biology and (then) accepted standard of care in metastatic ccRCC, and presents ideas for
better translational research involving therapeutic strategies with combinatorial drug

approach, targeting different aspects of the pathogenesis.

This review was an extension of prior experimental work demonstrating genome-wide

aberrant adverse hypermethylation in ccRCC (175) as well as comprehensive reviews on the

role of DNA methylation in ccRCC (176) and dysrequlated hypoxia signaling (177).
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VIII.2 Ascorbic acid-induced TET activation mitigates adverse
hydroxymethylcytosine loss in renal cell carcinoma

(Shenoy™* et al. J Clin Invest, 2019; *co-corresponding)(178)

[Personal contribution: conceptualization, leadership and direction; design; data acquisition; data
analysis and interpretation; drafting manuscript; editing manuscript; funding; correspondence]

We had previously demonstrated the adverse prognostic impact of DNA hypermethylation in
RCC. This study unraveled the mechanisms and prognostic impact of loss of DNA
hydroxymethylation in ccRCC, and comprehensively explored the potential of ascorbic acid
in reversing the epigenetic aberrancy. (179)

Loss of 5hmC is an independent adverse prognostic biomarker in ccRCC

We found that loss of 5hmC is associated with aggressive clinicopathologic features and is
an independent adverse prognostic factor in ccRCC through analysis of 576 primary ccRCC
cases. It also predicts a shortened time to metastatic disease after surgical resection for
localized disease. We showed that a grading of 5hmC immunohistochemistry (IHC) based on
intensity (absent, mild, moderate and marked) or based on percent positive tumor cells, can
be used as a strong tool to predict outcomes and could potentially be integrated in prognostic
models, therapeutic decisions as well as clinical trial designs in the future. Given that this is a
simple IHC test, it could potentially be adopted universally as a prognostic biomarker in this
malignancy. Efforts are ongoing to determine if 5ShmC can be a useful prognostic biomarker

in other malignancies.

Loss of 5hmc in ccRCC is due to metabolic inhibition of TET enzymes

As discussed previously, Ten-Eleven Translocation (TET) enzymes are dioxygenase
enzymes involved in active demethylation through a series of oxidation steps, the first of
which is 5mC to 5hmC. We showed that gain of 5mC and loss of 5hmC in ccRCC is not due
to mutational or transcriptional inactivation of TET enzymes, but by their functional
inactivation by I-2-hydroxyglutarate (L2HG), an oncometabolite that accumulates largely due
to the deletion and under-expression of |-2-hydroxyglutarate dehydrogenase (L2ZHGDH)
(Figure 7). L2HG competes with 2-oxoglutarate (20G), a necessary co-substrate of the TET
enzymes (180). We found that the L2ZHGDH gene, located on chromosome 14q, is deleted

in 41% of all ccRCC. Furthermore, we found a strong correlation between loss of LZHGDH
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and loss of 5hmC in ccRCC (IHC). Also, loss of LZHGDH conferred worse prognosis
(TCGA).

20G, Fe2+
Ascorbic acid

-

5mC ——= 5hmC
T

L2HG

T
L2HGDH
deleted in 41% ccRCC

Figure 7. Schematic representation depicting the mechanism of 5mC gain and 5hmC loss in ccRCC.
L2HGDH (I-2-hydroxyglutarate dehydrogenase) deletion and under-expression is common in ccRCC,
resulting in the accumulation of L2ZHG (I-2-hydroxyglutarate), a competitive inhiitor of TET enzymes,
which use 2-oxoglutarate as a substrate for oxidation of 5mC to 5hmC.

Ascorbic acid restores 5hmC in ccRCC and inhibits ccRCC proliferation in vitro and in

VivO

Ascorbic acid (AA) is a cofactor for the TET enzymes, reducing the enzyme-bound iron from
Fe3* to Fe?*. AA had been previously shown to cause TET-mediated demethylation of
embryonal stem cells (181). We therefore hypothesized that AA could be used as an
epigenetic targeting agent in ccRCC given the genome-wide aberrant methylation that is
present in that cancer type. Indeed, we found that AA treatment increases TET activity,
reduces 5mC and increases 5hmC in ccRCC. AA treatment was found to result in ccRCC
proliferation inhibition in vitro and in a xenograft model in vivo. Histologic examination of the
xenografts treated with intravenous AA revealed increased intra-tumoral 5hmC and

enhanced differentiation.

The following were some important considerations and findings while studying the effects of

ascorbic acid as an anti-cancer agent in vitro and in vivo:

A.Is the in vitro effect from AA or H,O,?

Although AA is an anti-oxidant, in the presence of free catalytic ions in culture media, it

produces hydrogen peroxide (H2O3), a pro-oxidant, through the following reactions:
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1) Ascorbate reduces catalytic metal ions such as ferric ions to ferrous ions.

AscH™ (ascorbate) + Fe** — Asc™” (ascorbate radical) + Fe**

2) The ferrous ions react with oxygen to form superoxide radical.

Fe? + O, — Fe® + Oy*—

3) Superoxide radicals then dismutes to H>O, and O».

02—+ Ox*= + 2H" — H20;2 + O2

H-20: is toxic to cancer cells. It is therefore important to neutralize H.O, with catalase prior to
studying epigenetic (or other cofactor related) effects of AA. This is particularly true with high
doses (millimolar concentrations) of AA. Through catalase control and TET 1/2/3 knockdown
experiments, we found that the demethylation effects of AA are independent of H,O, and
dependent on TET enzymes in ccRCC.

B. Dosing considerations

While designing both in vitro and in vivo experiments using AA, it is also important to
consider the history and evolution of ascorbic acid as an anti-cancer agent and the available
pre-clinical and clinical data. Oral AA has previously been tested as an anti-cancer agent and
has failed (182, 183). There was no indication (either in the series by Cameron/Pauling in
which oral AA was used after the first 7-10 days of intravenous AA treatment or in the Mayo
studies in which only oral AA was used) to suggest that hypermethylated malignancies such
as kidney cancer fared any better with oral AA treatment. On the other hand, pharmacologic
AA is emerging as a promising agent in the treatment of established cancers, both in
preclinical animal models (AA administered intraperitoneally) and more recently in early
phase clinical trial data (AA administered intravenously at doses around 1g/kg 2—-3
times/week) (184). Intraperitoneal and intravenous administration of ascorbate in mice has
been shown to achieve ‘pharmacologic’ plasma concentrations in the millimolar range — over
100 times that with oral dosing — by bypassing the tight gastrointestinal regulation (185, 186).
Intraperitoneally administered AA and not oral AA resulted in tumor shrinkage in a murine

hepatoma model (185).

It is therefore important to design in vitro and in vivo experiments taking into account the
pharmacokinetics of parenteral AA in humans and mice (a cycle of ‘bench to bedside and

bedside to bench’). Furthermore, at these high concentrations of AA in vitro, it is essential to
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neutralize H,O- with catalase in order to study non-free radical effects. Our xenograft study
was the first to use tail vein injections (5d/wk) to administer AA in order to further mimic
intravenous AA treatment in humans (178). The prior animal model studies with parenteral
AA were done with intraperitoneal administration. Although the intraperitoneal route attains
plasma concentrations much higher than that with oral administration, it is not as high as that
with the IV route with the same dose. The bioavailability fraction of intraperitoneal

administration is around 0.62 (185).

C. Interaction of AA with TET enzymes

It is very difficult to determine the concentration of AA needed for its maximal effect on the
TET enzymes with conventional experiments. The reasons are several — Michaelis constant
(Km) shifts of ascorbate transporters, decreased/mutated enzyme/transporter copy numbers,
the rate of intracellular/extracellular oxidation, Km shifts and copy numbers of TET enzymes.
Therefore, we used the fluorescence quenching technigue with recombinant TET-2 and AA,
which reflects conformational changes to the protein induced by its binding with AA. We
found that >90% quenching of recombinant TET-2 fluorescence is obtained with 132uM AA.
We also studied the dynamics of fluorescence quenching of the recombinant TET-2 with
oncometabolite L2ZHG and co-substrate 20G in the presence and absence of AA. We found
that the quenching efficiency of 20G is higher than that of L2HG, indicating that the substrate
specificity of the TET-2 protein is 20G over L2HG. Furthermore, the fluorescence quenching
of the TET enzyme with AA was largely unaffected by the presence of L2HG, suggesting that
the effect of AA is unperturbed by L2HG. Indeed, the ccRCC cell line 786-O had markedly
higher intracellular L2HG levels compared to the immortalized kidney cell line HKC-8, and
AA treatment of 786-O cells still caused TET enzyme-dependent demethylation and increase
in 5hmC.

D. Epigenetic reprogramming or oxidative stress?

Two mechanisms of AA-induced anti-cancer activity have gained prominence: TET-mediated
demethylation and H2O2-induced oxidative stress. In vitro cancer cell cytotoxicity with short-
term exposure to high dose AA is almost solely due to H,O,, given the complete reversal with
catalase. However, it is important to recognize that for anti-oxidant AA to form pro-oxidant
H.O., free catalytic metal ions are required (as shown in reactions 1-3 above). While these
are plentiful in vitro, they may be restricted in the tumor microenvironment. H,O; has been

shown to be generated in the extracellular fluid compartment but not within tumors in animal
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models. In our xenograft study, we showed that high dose intravenous AA increases 5hmC
within ccRCC tumors as well as enhances differentiation. The increased intra-tumoral 5hmC,
enhanced differentiation and delayed tumor growth with high-dose AA, when taken together,
suggest that epigenetic reprogramming is an important mechanism of intravenous AA-

induced anti-cancer activity.

Mice have a functional L-gulonolactone oxidase (GULO) enzyme which enables them to
produce L-AA from L-gulono-1,4-lactone. In humans, the GULO enzyme turned non-
functional over the course of evolution, making AA an essential dietary vitamin. The finding of
enhanced intra-tumoral 5hmC with intravenous AA despite the presence of a functional
GULO enzyme suggests that supra-physiologic plasma concentrations of AA are needed

even for optimal cofactor functions of AA within tumors, not just for potential oxidative stress.
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VIII.3 Upregulation of TET activity with ascorbic acid induces
epigenetic modulation of lymphoma cells
(Shenoy™ et al. Blood Cancer J, 2017; *co-corresponding)(187)

[Personal contribution: conceptualization and direction; design; data acquisition; data analysis and
interpretation; drafting manuscript; editing manuscript; correspondence]

Loss of function of TET enzymes can be secondary to inactivating mutation or hypoactivity of
normal TET enzymes via competitive inhibition by metabolic intermediates. In lymphoma, a
cancer of the lymphatic system, TET-2 mutations are found most commonly in the ‘T-cell
lymphomas’. In angioimmunoblastic T-cell lymphoma, TET-2 has been reported to be
mutated in up to 76% of patients, with 50% harboring 2 or 3 mutations within the TET-2 gene
(188). Angioimmunoblastic T-cell ymphoma patients also have a high frequency of IDH2
mutations that can inhibit TET activity through the formation of 2-hydroxyglutarate (188).
TET-2 mutation rate is also as high as 38% in peripheral T-cell lymphoma-not otherwise
specified (189), and 13% in diffuse large B-cell ymphoma (DLBCL), the most common type
of non-Hodgkin lymphoma (190).

We therefore wanted to investigate whether AA could bring about similar epigenetic changes
in lymphoma cells as observed in renal cell carcinoma cells (Paper 2 in this thesis), and if

these epigenetic changes could re-activate important tumor-suppressor(s) in lymphoma cells.

AA enhances TET activity in lymphoma cells leading to genome-wide demethylation

and increase in 5hmC fraction

We showed that AA increases activity of the TET enzymes in LY-1 (DLBCL) and Karpas 299
(T-cell) lymphoma cell lines using the ELISA-based Epigentek TET activity kit. Consistent
with the increase in TET activity, DNA extracted from treated vs control cells revealed that
AA treatment decreased global 5mC and increased 5hmC levels in lymphoma cells. The
experiments were conducted such that the dose and exposure time mimicked the
bioavailability curves of IV AA (191), and also considering potential differences between

plasma concentrations and that of the tumor microenvironment.

AA-induced epigenetic effects are independent of hydrogen peroxide

H.0. is formed when AA is added to the media (reactions detailed above). We wanted to
ensure that the oxidative reaction of 5mC to 5hmC was not contributed to by the diffusion of

H>0O. into the lymphoma cells, but a direct effect of AA. We found that addition of a high dose
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of catalase sufficient to fully neutralize H.O- did not alter the amount of 5hmC fraction
produced by the same dose and exposure of AA, further indicating that the 5ShmC production

was independent of H2O..

AA reactivates SMAD1, a critical contributor of chemosensitization in DLBCL cells

SMAD1, a component the TGF/BMP pathway, is an important tumor suppressor in DLBCL
cells and known to be suppressed by methylation (192). Reactivation of epigenetically
silenced SMAD1 with the DNMT inhibitor azacytidine, as well as SMAD1 transfection, had

been shown to induce chemosensitization to conventional anti-tumor agents (192).

We sought to determine whether AA-induced demethylation could also reactivate SMAD1
expression. Indeed, treatment of LY-1 cells with pharmacologic doses of AA led to the
reactivation of SMAD1. Furthermore, addition of catalase had no effect on SMADL1 transcript
abundance, again indicating that AA-induced SMAD1 upregulation was independent of H,O..
Pre-treatment of lymphoma cells with AA resulted in increased sensitivity to cisplatin and

doxorubicin, two commonly used chemotherapeutic agents in DLBCL.

Low plasma AA levels are frequent in lymphoma patients with high bulk disease

We then studied plasma AA level in 34 lymphoma patients (31 Non-Hodgkin, 3 Hodgkin). We
found that 64% (9/14) of patients with clinical high-burden lymphoma had low AA levels
(mean=0.39 mg/dl; range 0—1.2 mg/dl) compared to 5% (1/20) of those with low burden
disease (mean 1.1; range 0.2-2; P<0.001).
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VIIL.4. Ascorbic acid in cancer treatment: Let the phoenix fly
(Shenoy N* et al. Cancer Cell, 2018. *co-corresponding)(184)

[Personal contribution: conceptualization; literature search and review; drafting manuscript; editing
manuscript; correspondence]

This review-cum-perspective article (i) highlights salient aspects of the evolution of AA in
cancer treatment (Table 4), (ii) provides insights into the pharmacokinetics of AA, (iii)
describes mechanisms of its anti-cancer activity in relation to the pharmacokinetics, (iv)
outlines promising preclinical and clinical evidence, and (v) recommends future directions for
the investigation of AA in cancer.

Table 4. Evolution of ascorbic acid studies in cancer.

symptomatic relief
using high-dose
ascorbate (10
g/day i.v. followed
by oral) (193-195)

of ascorbate,
but orally only,
failed to
confirm these
results, and
oral ascorbate
was dismissed
as an anti-
cancer agent
(182, 183)

until the kidney restored
homeostasis. Maximum
tolerated doses of oral
(~18 g daily) ascorbate
produced plasma
concentrations of
~100-200 pM.
Intravenous ascorbate
was found to produce
plasma levels hundreds
of times higher than
those produced by the
maximum tolerated
dose of oral ascorbate
(191, 196)

Early-phase clinical
trials indicate that i.v.
ascorbate at 1 g/kg
over 1.5-2 hours two to
three times weekly is
well tolerated and may
enhance
chemosensitivity as
well as decrease
chemotherapy-related
side effects (197-201)

extracellular
space.

High, but not
physiologic,
doses of
ascorbic acid
were
selectively
toxic to cancer
cells in vitro
and in vivo
(186, 198,
202, 203)

Cameron/Pauling | Mayo Clinic | AA pharmacokinetics | Studies on Studies on
Studies Studies and early-phase H20> epigenetic
clinical trials mechanism mechanism
Ewan Cameron Two double- Oral ascorbate, even at | Plasma Ascorbate
and Linus Pauling | blind placebo- | high doses, was found | concentrations | functions as a
described controlled to produce plasma achieved by cofactor and
retrospectively and | prospective concentrations that i.v. dosing increases the
in case reports that | trials were tightly regulated found to act activity of the
patients with performed at by gastrointestinal as a prodrug TET enzymes
advanced cancer the Mayo absorption, but i.v. for hydrogen causing DNA
had survival Clinic using administration peroxide demethylation.
benefit and the same dose | bypassed this control (H202) in the This function

results in the re-
expression of
tumor-
suppressor
genes in cancer
cells, promotion
of stem cell
differentiation
and inhibition of
leukemogenesis,
and increase in
expression of
endogenous
retrovirus
transcripts (178,
187, 204-206)
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VII1.5 High-dose ascorbic acid synergizes with anti-PD1 in a
lymphoma mouse model

(Luchtel et al.... Shenoy*, PNAS 2020; *senior corresponding)(63)

[Personal contribution: conceptualization, leadership and direction; design; data acquisition; data
analysis and interpretation; drafting manuscript; editing manuscript; funding; correspondence]

DNA methyltransferase inhibitors (DNMTIs) are being investigated in combination with anti-
PD1 therapy in hematologic malignancies (207). Enhanced endogenous retroviral expression
and cancer testis antigen expression induced by demethylation results in increased tumor
recognition by immune cells (208-212). Having shown that AA causes demethylation and
corresponding increase in the hydroxymethylation fraction of lymphoma cells (187) (Paper 3
in this thesis), we hypothesized that AA may be an optimal demethylating agent for
combination with anti-PD1 therapy as it has also been shown to enhance the function of
immune cells such as natural killer (NK) cells, macrophages, and dendritic cells (213, 214).
In contrast, effects of DNMTIs on immune cells have been inconsistent, with some studies
indicating an inhibitory effect (215-217).

In this study, we characterized genome wide high-resolution methylation changes,
endogenous retroviral expression, and PD-L1 expression changes in lymphoma cells with
high-dose AA treatment and the subsequent effect on sensitivity to cytotoxic T cell-mediated
killing. Given that T lymphocytes exhibit an enrichment of 5-hydroxymethylcytosine (5hmC)
at gene bodies during differentiation and development (218), we determined the direct effects
of AA on CD8+ T cells with regards to global 5hmC changes and cytotoxic function. Finally,
we investigated antitumor effects of AA alone and in combination with anti-PD1 therapy in a
syngeneic lymphoma mouse model and determined the changes in the tumor immune

microenvironment.

AA treatment leads to genome-wide demethylation and increased endogenous

retroviral expression in lymphoma cells

We further characterized the hypomethylation effect of AA in lymphoma cells with high-
resolution methylation analysis using the HELP (Hpa Il tiny fragment enrichment by ligation-
mediated PCR) assay that relies on differential restriction digestion of methylated CpGs
followed by high-throughput sequencing analysis. Unsupervised clustering showed that AA

treatment led to significant changes in cytosine methylation patterns between control and
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AA-treated lymphoma cells. Specifically, AA treatment led to global loss of cytosine

methylation.

Next, we next assessed the expression of human endogenous retroviruses (HERVS) by RNA
sequencing. HERVs have been shown to be up-regulated by DNMT inhibition (204). HERVs
increase immune recognition of tumor cells, trigger an interferon response by induction of the
viral defense pathway and enhance checkpoint blockade antitumor activity (219, 220).
Consistent with the global loss of methylation, the majority (70%) of differentially expressed
HERVs were increased in lymphoma cells following AA treatment. Global methylation
analysis of HERVs up-regulated with AA treatment revealed that ~60% of the loci were
demethylated upon AA treatment. However, there was no change in methylation at the
CD274 locus, encoding PD-L1. Also, there was no increase in PD-L1 expression with AA

treatment in any of the 4 DLBCL cell lines tested.

AA pretreatment of lymphoma cells leads to increased sensitivity to CD8+ T cell

cytotoxicity; AA treatment of CD8+ T cells leads to increase in its cytotoxic activity

against lymphoma cells

Pretreatment of lymphoma cells with high-dose AA significantly increased their
immunogenicity, evidenced by increased percent killing of lymphoma cells by 15% and 21%
of control by CD8+ T cells when combined at 5:1 and 10:1 effector: target cell ratios.
Similarly, AA pretreatment of healthy donor-derived CD8+ T cells led to a 3.8-fold increase in
their cytotoxic activity against lymphoma cells, as measured with the lactate dehydrogenase
(LDH) cytotoxicity assay (further validated by a flow cytometry-based cytotoxicity assay). This

was associated with a significant increase in 5hmcC levels in AA-treated CD8+ T cells.

High-dose AA treatment synergizes with anti-PD1 immunotherapy in a syngeneic

lymphoma mouse model, resulting in significant tumor proliferation inhibition

Using the A20 lymphoma syngeneic mouse model, we treated tumor-bearing mice with
vehicle, anti-PD1, high-dose AA, or the combination of high-dose AA and anti-PD1 until the
tumor volume endpoint was met. Daily treatment was administered from day 10 (after
appearance of tumors) until the tumor size endpoint was met. Tumor volume (cubic
millimeters) was monitored every 2 days over the duration of the study by caliper. Given the
highly aggressive nature of the A20 lymphoma mouse model, humane endpoint was reached

in one mouse in the vehicle group on day 19 (after only 9 d of treatment). To facilitate
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comparison between the treatment groups, all mice in the 4 groups were killed on day 19 and

tumors excised and weighed.

Compared to AA and anti-PD1 single agents, we found that AA+anti-PD1 therapy resulted in
greater inhibition of tumor growth over time as well as markedly lower final tumor weight.
Because the observed effect of combined AA and anti-PD1 therapies was greater than the
expected additive effect, we applied the coefficient of drug interaction (CDI) formula (221-
224) to calculate synergy using mean tumor weight measurements whereby CDI<1 indicates
synergism, with CDI<0.7 indicating a significantly synergistic effect. The CDI between high
dose AA and anti-PD1, using the mean tumor weight measurements was 0.63, indicating a
significantly synergistic effect (Fig 3E). This effect is particularly significant given the
aggressive nature of this model and short treatment duration (10 days) after appearance of
tumors. Furthermore, we also demonstrated that intra-tumoral 5-hmC can be increased in

vivo through high-dose AA, consistent with the in vitro findings.

High-dose AA and anti-PD1 treatment combination leads to increase in tumor CD8+ T

cell and macrophage infiltration, enhanced granzyme B production by cytotoxic cells,

and enhanced Interleukin 12 production by antigen-presenting cells

Analysis of our syngeneic B-cell ymphoma model treated with AA and anti-PD1 revealed

several important changes within the tumor immune microenvironment:

First, AA treatment, both alone and in combination, significantly increased CD8+ T cell

infiltration compared with vehicle and single agent anti-PD1.

Second, granzyme B expression was markedly higher with combined AA + anti-PD1 than AA
or anti-PD1 alone. An inverse exponential relationship was observed between granzyme B
and final tumor weight, indicating an exponential growth of tumor with decreasing granzyme
B expression. This is consistent with reported utility of granzyme B as a biomarker for
response to immunotherapy in humans (225). Although the cytotoxic T cell infiltration with
single agent AA was much higher than anti-PD1, the granzyme B expression was similar
between both groups. Together, these data suggest that AA functions to recruit cytotoxic T

cells to the tumor but anti-PD1 is more potent than AA at inducing a cytotoxic response.

Third, we found that within each treatment group, the contribution of NK cells towards
granzyme B expression was at least as much as CD8+ T cells. The combination treatment

markedly upregulated granzyme B expression in both CD8+ T cells and NK cells.
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Fourth, we observed significantly increased intratumoral macrophage infiltration in mice that
received AA, alone and in combination. In the combination group only, expression of IL12, a
cytokine produced by macrophages and dendritic cells, that stimulates cytotoxic cells (CD8+

T cells and NK cells) was markedly upregulated.

Put together, this study shows that AA treatment 1) increases immunogenicity of lymphoma

cells; 2) enhances intratumoral infiltration of CD8+ T cells and macrophages; and 3)

synergizes with anti-PD1 checkpoint inhibition in a syngeneic lymphoma mouse model via

marked activation of both cytotoxic cells (cytotoxic T cells and NK cells) and antigen

presenting cells (Figure 8). The data provide a compelling rationale for testing combinations

of high-dose AA and anti-PD1 agents in patients with aggressive B cell lymphoma and in

preclinical models of other malignancies.
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cells, resulting in marked tumor
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Figure 8. Graphical summary of the synergistic effects of high dose AA and anti-PD1.
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VIIL.6 Drugs with anti-oxidant properties can interfere with cell
viability measurements by assays that rely on the reducing property
of viable cells.

(Shenoy™ et al. Lab Invest. 2017 *co-corresponding) (226) [Pathobiology in
Focus section]

[Personal contribution: conceptualization; design; data acquisition; data analysis and interpretation;
drafting manuscript; editing manuscript; correspondence]

Cell viability assays such as Cell Titer Blue and Alamar Blue rely on the reducing property of
viable cells to reduce the reagent dye to a product which gives a fluorescent signal. The
manufacture-recommended protocols do not take into account the possibility of the reagent
substrate being reduced directly to the fluorescent product by drugs with an anti-oxidant
property. After suspecting spurious results while determining the cytotoxic potential of
ascorbic acid against a renal cell cancer (RCC) cell line, we aimed to establish that drugs
with anti-oxidant property can indeed cause false-negative results with the current protocols
of these assays by direct reduction of the reagent substrate. We also aimed to counter the
same with a simple modification added to the protocol.

Through our experiments, we conclusively demonstrated that drugs with anti-oxidant
properties can indeed interfere with cell viability measurements by assays that rely on the
reducing property of viable cells (Figure 9). We also reported that a simple modification in the
protocol (removal of the media containing the drug and washing the cells prior to incubation
with fresh media and Cell Titer Blue reagent) can prevent spurious results with these
otherwise convenient assays.(step-by-step protocol in Protocol Exchange (227))

Viable Cell

Reduction
Reactions

0 o 0 0 (o) 0
L T
N N
'
o

Anti-oxidantdrug

Resazurin Resorulin
Emits fluorescence at 590nm

Figure 9. Depiction of interference of anti-oxidant drugs on Cell Titer Blue and Alamar Blue assays.
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How this seemingly obvious phenomenon escaped detection during the development of

resazurin-based cell viability assays, and its theoretical impact on cancer research:

The resazurin reduction test has been used for more than 60 years to detect contamination
of milk, and to assess the quality of semen. In the 1990s, it began gaining popularity as a
convenient method of assessing cytotoxicity. However, before the year 2000, it was unclear
whether the resazurin dye was reduced within the cells or in the 'reduced medium' from
increased cell growth. In the year 2000, O’Brien et al. reported that when the dye was added
to the reduced medium separated from cells after 24—48 h incubation, it did not get converted
to the fluorescent resorufin. They detected fluorescence in the cytoplasm of cells on addition
of the dye, albeit at a quantity not large enough to be detected by the fluorescent microplate
reader. They therefore concluded that the dye likely enters the cytoplasm where it is reduced
to the fluorescent product, which is then excreted into the medium giving the fluorescent
signal (228). Furthermore, an analysis of hepatic subcellular fractions suggested that
resazurin can be reduced by mitochondrial, cytosolic and microsomal enzymes (229). When
this was extrapolated into cancer research to test cell viability, the question of how the redox
property of drugs tested would affect the dynamics seems to have escaped widespread
attention. It was assumed that the dye could only get reduced intracellularly. The Cell Titer
Blue protocol even mentions ‘cell washing, removal of medium and multiple pipetting steps

are not required' and states that a ‘Test compound control’ is optional.

A majority of anti-cancer drugs developed, initially go through cell viability assays or
proliferation assays. The decision to pursue further research with these drugs is often based
on their effects on cell viability or proliferation. One therefore wonders how many indigenous
agents with high redox potential tested with assays that rely on the viable cells’ reducing
property had spurious results. Therefore, the addition of a simple step, as elaborated in the
protocol, can eliminate such spurious results from these otherwise convenient assays. Based
on our report, we recommended that this step be incorporated in the protocols of these
assays, especially when testing a drug with high redox potential, and to always have a ‘test

compound’ control without cells.
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VIII.7 Association between renal cell carcinoma and
myelodysplastic syndromes: epigenetic underpinning?
(Shenoy™ et al. Clin Genitourin Cancer. 2018 *co-corresponding)

[Personal contribution; conceptualization, leadership and direction; design; data acquisition; data
analysis and interpretation; drafting manuscript; editing manuscript; correspondence]

Having determined that renal cell cancer is characterized by marked aberrant
hypermethylation and is therefore epigenetically similar to myelodysplastic syndromes
(MDS), and after clinical observations of patients with a personal history of both
malignhancies, we sought to explore a potential association between the two, using Mayo

Clinic's 'Advanced Cohort Explorer' database.

We found that the prevalence of MDS in patients > 65 years with a personal history of
nephrectomy for RCC was =8.4 times that of the age-concordant general population based
on the Dusseldorf registry (28/6490 or 395/100,000 vs. = 47/100,000; P <.001), and 3.07
times that of the age-concordant patient population at Mayo Clinic (28/6490 or 395/100,000
vs. 128.4/100,000; P < .001).

We therefore demonstrated a strong association between RCC and MDS. Patients with a
history of RCC have a substantially increased risk of developing MDS compared with the
general population, a factor that must be considered in the survivorship care plan in these

patients.
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IX.

Future research directions

A. CLINICAL

As an outcome of the above work, there are four phase 2 clinical trials (2 ongoing, 2 pending

regulatory approvals) to investigate the potential of high dose IV ascorbic acid in cancer:

1.

Randomized phase Il trial of intravenous ascorbic acid (AA) as an adjunct to pazopanib for
metastatic and unresectable clear cell renal cell carcinoma (ccRCC): A study of Academic
and Community Cancer Research United (ACCRU) GU1703. (Clinicaltrials.gov Identifier:
NCT03334409) [Shenoy: Co-PI] (230)

IV Ascorbic acid and combination chemotherapy in treating patients with relapsed or
refractory lymphoma (ClinicalTrials.gov Identifier: NCT03418038) [Shenoy: Co-Pl]

High dose intravenous ascorbic acid as an adjunct to azacytidine in high-risk

myelodysplastic syndromes (pending regulatory approvals) [Shenoy: Pl]

High dose intravenous ascorbic acid plus nivolumab for relapsed/refractory diffuse large B
cell lymphoma in patients having failed or ineligible for autologous transplantation (being

evaluated for funding) [Shenoy: PI]

B. LABORATORY

Continuation of the above work would involve exploring several important, and exciting areas:

1.

Investigating the combination of AA+anti-PD1 in pre-clinical models of other cancer types
(using both syngeneic and humanized mouse models). This project is of immediate, and
important, translational relevance for cancer patients. If the same response is seen with
the combination in pre-clinical models of most/ all malignancies, it could be of immense
benefit to patients with different types of cancer. If the response to the combination is
different between cancer types, we plan to investigate mechanisms of resistance/
difference by using techniques such as CyTOF and single cell RNA sequencing to dissect
the immune microenvironment changes induced by the combination. We will also attempt
to determine biomarkers by correlating these findings with response, and subsequent

validation of potential candidates.
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2. Further investigating the mechanisms of AA-induced anti-cancer activity.

3. Further exploring the mechanistic basis of interactions between the metabolome and the
epigenome in ccRCC and other malignancies. Specifically, our immediate next project
investigates the contribution of a second oncogenic metabolite (apart from L2HG) in driving
hypermethylation of ccRCC and its role in the pathogenesis and progression of this

malignancy.

4. Exploring the biologic basis for the increased risk of myelodysplastic syndromes in patients
with a history of renal cell carcinoma, with a long-term goal of risk stratification and early

intervention to mitigate the increased risk.

C. A few critical remarks in conclusion

1. The data revealing synergy between AA and anti-PD1 (63) highlight the limitations of using
immunocompromised mouse models to comprehensively study AA- induced anti-cancer
activity. Prior in vivo studies with parenteral AA in cancer (as a single agent and in
combination with chemotherapy) were performed using immunocompromised models,
which could not capture the effect of AA on anti-cancer immunity (immune recognition and
function) and also could not determine how that aspect is affected in combination with
chemotherapy. As such, even if it turns out that the randomized trials exploring IV AA in
combination with chemotherapy are negative, it should not impede exploration of IV AA in
combination with immunotherapy (specifically anti-PD1). With the mechanistic synergy
between high dose AA and anti-PD1 being clearly delineated (63), the translational promise
of the combination is perhaps higher than that with high dose AA and chemotherapy, and

should be subjected to rigorous clinical exploration.

2. The increased intra-tumoral 5hmC, enhanced differentiation and delayed tumor growth with
high-dose intravenous AA in an RCC xenograft model (178), when taken together, suggest
that epigenetic reprogramming is an important mechanism of IV AA-induced anti-cancer
activity. If H,O, (a pro-oxidant) was the main mechanism of IV AA-induced anti-cancer
activity, enhanced differentiation and increased tumoral 5hmC (reflective of AA’s anti-
oxidant cofactor function in TET enzymes- reducing Fe®* to Fe?*) would not be the expected

histopathologic features.
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3.

It is important to recognize that for anti-oxidant AA to undergo auto-oxidation and
subsequently generate pro-oxidant H»O, free catalytic metal ions are required (as shown in
reactions 1-3 above, page 33) (231). While these free catalytic metal ions are plentiful in
vitro, they may be restricted in the tumor microenvironment. H>O has been shown to be
generated with parenteral AA in the extracellular fluid compartment in vivo in one study

(186), but not within tumors in animal models.

A historical perspective and critical analysis of AA dosing regimens: Ewan Cameron, Allan

Campbell, and Linus Pauling used IV AA (at 10g/ day) only for 7-10 days followed by oral
AA (at 10 g/ day), and reported survival benefit and symptomatic relief in patients with
advanced cancer in retrospective studies (193-195). The IV AA dose used was 10g daily

given over 24 hours. In a pharmacokinetic study of vitamin C (196), 10 g IV ascorbate given

over 40 minutes (i.e. 250mg/min) produced a peak plasma concentration of 5.6 millimolar

AA. However, considering the expected simultaneous renal excretion, the 10g IV AA given

over 24 hours in the Cameron/ Campbell/ Pauling series would be expected to produce

peak AA concentrations only in the high micromolar or perhaps low millimolar range, which

would then be expected to produce minimal amounts of ascorbate radical and H»O- in the

tumor microenvironment (as per measurements reported in (203)). After the first 10 days,

all patients in the Cameron/ Campbell/ Pauling series received only oral ascorbate, which
would be expected not to generate any H,O,. Furthermore, Cameron and Campbell stated
the following: “With increasing experience, we now tend to believe that the intravenous
regime is probably unnecessary as a routine measure, and need only be employed in
clinical situations, where vomiting, anorexia, or other complications of malignancy preclude
oral administration” (193). They also stated that the few patients in their series who
received IV AA above 10g daily (up to 45¢g daily) had no clear therapeutic advantage (193).
In keeping with these statements, many patients in their series only received oral AA. And
when Mayo Clinic shared the planned randomized clinic trial protocol with Pauling, there
was no specific objection to using oral AA (232). For all the above reasons, attributing the
difference in outcomes of the Cameron/ Campbell/ Pauling studies and the Mayo clinic
studies primarily to a difference in the route of administration and H,O, generation, as has
been repeatedly suggested in literature, would not only be an oversimplification but also
grossly inaccurate. That said, neither the Mayo Clinic investigators in the 1970s and 80s
nor Cameron and Pauling were aware of the striking pharmacokinetic differences between
IV and oral AA (196). Early phase clinical trials and pilot studies have since demonstrated
that IV AA at 1-1.5g/kg given 2-3 times weekly (a regimen primarily borne out of practice in

the integrative medicine circles rather than a phased bench to bedside translation (233,
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234)) is well tolerated and may enhance chemosensitivity as well as decrease

chemotherapy related side effects (reviewed in (184)).

In the Cancer Cell review (184), we had indicated that the documented reports of high dose
AA-induced oxidative hemolysis in G6PD patients was an indication of oxidative effects of
high dose AA (in potential support of the H.O, mechanism against cancer). However, over
the last year and during the preparation of this thesis, | realized that there is an alternative,
non-H,O,- related explanation for the high dose AA-induced oxidative hemolysis in G6PD
deficient individuals: dehydroascorbic acid (DHA), oxidized vitamin C. While ascorbate
(AscH"), the dominant form of vitamin C in plasma, is transported into cells by Na+-
dependent vitamin C transporters (SVCTs- SVCT1 and SVCT2), DHA is transported via
Na+-independent facilitative glucose transporters (GLUTS) followed by intracellular
reduction (235-239). Plasma DHA concentrations are very low (under 2uM) under
physiologic conditions, and plasma glucose (which also uses GLUTSs to be transported into
cells), is significantly higher at 2-5 mM (237, 239). Therefore, intracellular ascorbate
concentrations in most cells is determined by ascorbate uptake by SVCTs. However, red
blood cells lack SVCTs (240) and rely on DHA uptake via GLUTSs followed by intracellular
reduction, to maintain membrane structural integrity (241, 242). G6PD is a key regulatory
enzyme of the pentose phosphate pathway that produces NADPH and reduced glutathione
(the major antioxidant machinery). With low G6PD, the amount of DHA entering the red
cells with high doses of AA administration likely overwhelms the capacity for intracellular
reduction resulting in oxidative membrane damage and hemolysis. Therefore, high dose
AA-induced oxidative hemolysis in G6PD patients may have very little (or nothing) to do

with H,O2 generation.

Intra-tumoral factors that could significantly affect ascorbate concentrations within cancer
cells and immune cells as well as affect optimal cumulative AA cofactor function within
these cells such as: intra-tumoral perfusion, transporter (SVCT1/ 2) expression and
function, microenvironment composition and pH, Km shifts of enzymes etc. are yet to be
comprehensively explored. These factors may account for the requirement of high doses of

AA given parenterally (intravenously in humans) for its anti-cancer activity.

Given the unknown factors above, and suggestion of potential benefit with high dose IV AA
in early phase trials as reviewed in (184), it would be prudent to continue clinical exploration
with high dose IV AA at 1g/kg given 2-3 times/ week as recommended in (184),

simultaneously with mechanistic exploration of the unknowns in the pre-clinical setting and
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with correlative studies in trials. However, following this IV AA administration schedule is

particularly challenging in the middle of a pandemic. A possible solution to reduce the

number of healthcare center visits while keeping up with the schedule is tele-monitored

home infusion (after adequate in-person instructions during administration of the first few

doses in a monitored setting). The regimen has been shown to be safe in early phase trials

in patients with no G6PD deficiency and adequate renal function.

In conclusion, the implication of having a new therapeutic agent that is safe, universally

available and accessible, with the potential of anti-cancer activity across multiple tumor

types in combination with conventional therapy (chemo/ immuno- therapy), would be

substantial. However, it must pass traditional response metrics in well-designed, rigorous,

clinical trials before widespread use, and these trials must be conducted without delay.

10.

11.

12.

13.

14.

References:

Hanahan D, and Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144(5):646-74.

Cutter AR, and Hayes JJ. A brief review of nucleosome structure. FEBS Lett. 2015;589(20 Pt
A):2914-22.

Mazzio EA, and Soliman KF. Basic concepts of epigenetics: impact of environmental signals on
gene expression. Epigenetics. 2012;7(2):119-30.

Biswas S, and Rao CM. Epigenetic tools (The Writers, The Readers and The Erasers) and their
implications in cancer therapy. European journal of pharmacology. 2018;837:8-24.

Li G, and Zhu P. Structure and organization of chromatin fiber in the nucleus. FEBS Lett.
2015;589(20 Pt A):2893-904.

Woodcock CL, and Ghosh RP. Chromatin higher-order structure and dynamics. Cold Spring
Harb Perspect Biol. 2010;2(5):a000596.

. Epigenetics: Fundamentals. https://www.whatisepigenetics.com/fundamentals/.

Berger SL, Kouzarides T, Shiekhattar R, and Shilatifard A. An operational definition of
epigenetics. Genes & development. 2009;23(7):781-3.

. NIH Roadmap Epigenomics Project. http://www.roadmapepigenomics.org/overview.

Lim DHK, and Maher ER. DNA methylation: a form of epigenetic control of gene expression.
The Obstetrician & Gynaecologist. 2010;12(1):37-42.

Deaton AM, and Bird A. CpG islands and the regulation of transcription. Genes &
development. 2011;25(10):1010-22.

Jin B, Li Y, and Robertson KD. DNA methylation: superior or subordinate in the epigenetic
hierarchy? Genes Cancer. 2011;2(6):607-17.

Pastor WA, Aravind L, and Rao A. TETonic shift: biological roles of TET proteins in DNA
demethylation and transcription. Nat Rev Mol Cell Biol. 2013;14(6):341-56.

Moore LD, Le T, and Fan G. DNA methylation and its basic function.
Neuropsychopharmacology. 2013;38(1):23-38.

50


https://www.whatisepigenetics.com/fundamentals/
http://www.roadmapepigenomics.org/overview

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Rasmussen KD, and Helin K. Role of TET enzymes in DNA methylation, development, and
cancer. Genes & development. 2016;30(7):733-50.

Booth MJ, Ost TWB, Beraldi D, Bell NM, Branco MR, Reik W, et al. Oxidative bisulfite
sequencing of 5-methylcytosine and 5-hydroxymethylcytosine. Nat Protoc. 2013;8(10):1841-
51.

Bhattacharyya S, Yu Y, Suzuki M, Campbell N, Mazdo J, Vasanthakumar A, et al. Genome-
wide hydroxymethylation tested using the HELP-GT assay shows redistribution in cancer.
Nucleic Acids Res. 2013;41(16):e157.

Tan L, Xiong L, Xu W, Wu F, Huang N, Xu Y, et al. Genome-wide comparison of DNA
hydroxymethylation in mouse embryonic stem cells and neural progenitor cells by a new
comparative hMeDIP-seq method. Nucleic Acids Res. 2013;41(7):e84.

Melamed P, Yosefzon Y, David C, Tsukerman A, and Pnueli L. Tet Enzymes, Variants, and
Differential Effects on Function. Frontiers in cell and developmental biology. 2018;6:22.

. DNA Methylation https://www.whatisepigenetics.com/dna-methylation/.

Greger V, Passarge E, Hopping W, Messmer E, and Horsthemke B. Epigenetic changes may
contribute to the formation and spontaneous regression of retinoblastoma. Hum Genet.
1989;83(2):155-8.

Merlo A, Herman JG, Mao L, Lee DJ, Gabrielson E, Burger PC, et al. 5' CpG island methylation
is associated with transcriptional silencing of the tumour suppressor p16/CDKN2/MTS1 in
human cancers. Nature medicine. 1995;1(7):686-92.

Nojima D, Nakajima K, Li LC, Franks J, Ribeiro-Filho L, Ishii N, et al. CpG methylation of
promoter region inactivates E-cadherin gene in renal cell carcinoma. Mol Carcinog.
2001;32(1):19-27.

Hanada M, Delia D, Aiello A, Stadtmauer E, and Reed JC. bcl-2 gene hypomethylation and
high-level expression in B-cell chronic lymphocytic leukemia. Blood. 1993;82(6):1820-8.
Watt PM, Kumar R, and Kees UR. Promoter demethylation accompanies reactivation of the
HOX11 proto-oncogene in leukemia. Genes Chromosomes Cancer. 2000;29(4):371-7.

Zhou H, Chen WD, Qin X, Lee K, Liu L, Markowitz SD, et al. MMTV promoter hypomethylation
is linked to spontaneous and MNU associated c-neu expression and mammary carcinogenesis
in MMTV c-neu transgenic mice. Oncogene. 2001;20(42):6009-17.

Bennett RL, and Licht JD. Targeting Epigenetics in Cancer. Annu Rev Pharmacol Toxicol.
2018;58:187-207.

Haffner MC, Chaux A, Meeker AK, Esopi DM, Gerber J, Pellakuru LG, et al. Global 5-
hydroxymethylcytosine content is significantly reduced in tissue stem/progenitor cell
compartments and in human cancers. Oncotarget. 2011;2(8):627-37.

Ley TJ, Ding L, Walter MJ, McLellan MD, Lamprecht T, Larson DE, et al. DNMT3A mutations in
acute myeloid leukemia. The New England journal of medicine. 2010;363(25):2424-33.
Russler-Germain DA, Spencer DH, Young MA, Lamprecht TL, Miller CA, Fulton R, et al. The
R882H DNMT3A mutation associated with AML dominantly inhibits wild-type DNMT3A by
blocking its ability to form active tetramers. Cancer cell. 2014;25(4):442-54.

Chiba S. Dysregulation of TET2 in hematologic malignancies. International journal of
hematology. 2017;105(1):17-22.

Xiao M, Yang H, Xu W, Ma S, Lin H, Zhu H, et al. Inhibition of a-KG-dependent histone and
DNA demethylases by fumarate and succinate that are accumulated in mutations of FH and
SDH tumor suppressors. Genes & development. 2012;26(12):1326-38.

Xu W, Yang H, Liu Y, Yang Y, Wang P, Kim S-H, et al. Oncometabolite 2-hydroxyglutarate is a
competitive inhibitor of a-ketoglutarate-dependent dioxygenases. Cancer cell. 2011;19(1):17-
30.

Kouzarides T. Chromatin modifications and their function. Cell. 2007;128(4):693-705.
Martin C, and Zhang Y. The diverse functions of histone lysine methylation. Nat Rev Mol Cell
Biol. 2005;6(11):838-49.

51


https://www.whatisepigenetics.com/dna-methylation/

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Handy DE, Castro R, and Loscalzo J. Epigenetic modifications: basic mechanisms and role in
cardiovascular disease. Circulation. 2011;123(19):2145-56.

Luger K, and Richmond TJ. The histone tails of the nucleosome. Curr Opin Genet Dev.
1998;8(2):140-6.

Steger DJ, and Workman JL. Remodeling chromatin structures for transcription: what
happens to the histones? Bioessays. 1996;18(11):875-84.

Gupta S, Kim SY, Artis S, Molfese DL, Schumacher A, Sweatt JD, et al. Histone methylation
regulates memory formation. J Neurosci. 2010;30(10):3589-99.

. Histone modifications. https://www.abcam.com/epigenetics/histone-modifications.
Muntean AG, and Hess JL. Epigenetic dysregulation in cancer. Am J Pathol. 2009;175(4):1353-
61.

Pasqualucci L, Dominguez-Sola D, Chiarenza A, Fabbri G, Grunn A, Trifonov V, et al.
Inactivating mutations of acetyltransferase genes in B-cell lymphoma. Nature.
2011;471(7337):189-95.

GanL, YangV, LiQ, Feng, Liu T, and Guo W. Epigenetic regulation of cancer progression by
EZH2: from biological insights to therapeutic potential. Biomark Res. 2018;6:10.

. Epigenetic Targets in Cancer https://www.tocris.com/research-area/epigenetics-in-cancer.
Shenoy N, and Pagliaro L. Sequential pathogenesis of metastatic VHL mutant clear cell renal
cell carcinoma: putting it together with a translational perspective. Ann Oncol.
2016;27(9):1685-95.

Finck S, Lampert R, and Brandt L. [Hyperdynamic hemodynamics following high-dose
interleukin 2-interferon alpha therapy in patients with metastatic renal cell carcinoma.
Immunotherapy as a clinical sepsis model?]. Anaesthesist. 1996;45(12):1171-8.

Rowena N. Schwartz PLS, RN; Janice P. Dutcher, MD. Managing Toxicities of High-Dose
Interleukin-2. https://www.cancernetwork.com/review-article/managing-toxicities-high-
dose-interleukin-2/page/0/1.

Sheng 1Y, and Rini Bl. Immunotherapy for renal cell carcinoma. Expert Opinion on Biological
Therapy. 2019;19(9):897-905.

Raman R, and Vaena D. Immunotherapy in Metastatic Renal Cell Carcinoma: A
Comprehensive Review. Biomed Res Int. 2015;2015:367354.

Atkins MB, Sparano J, Fisher RI, Weiss GR, Margolin KA, Fink Kl, et al. Randomized phase |l
trial of high-dose interleukin-2 either alone or in combination with interferon alfa-2b in
advanced renal cell carcinoma. Journal of clinical oncology : official journal of the American
Society of Clinical Oncology. 1993;11(4):661-70.

Fyfe G, Fisher RI, Rosenberg SA, Sznol M, Parkinson DR, and Louie AC. Results of treatment of
255 patients with metastatic renal cell carcinoma who received high-dose recombinant
interleukin-2 therapy. Journal of clinical oncology : official journal of the American Society of
Clinical Oncology. 1995;13(3):688-96.

Kovacs G, Akhtar M, Beckwith BJ, Bugert P, Cooper CS, Delahunt B, et al. The Heidelberg
classification of renal cell tumours. The Journal of pathology. 1997;183(2):131-3.

Yang JC, Sherry RM, Steinberg SM, Topalian SL, Schwartzentruber DJ, Hwu P, et al.
Randomized study of high-dose and low-dose interleukin-2 in patients with metastatic renal
cancer. Journal of clinical oncology : official journal of the American Society of Clinical
Oncology. 2003;21(16):3127-32.

Motzer RJ, Tannir NM, McDermott DF, Aren Frontera O, Melichar B, Choueiri TK, et al.
Nivolumab plus Ipilimumab versus Sunitinib in Advanced Renal-Cell Carcinoma. The New
England journal of medicine. 2018;378(14):1277-90.

Rini BI, Plimack ER, Stus V, Gafanov R, Hawkins R, Nosov D, et al. Pembrolizumab plus Axitinib
versus Sunitinib for Advanced Renal-Cell Carcinoma. The New England journal of medicine.
2019;380(12):1116-27.

52


https://www.abcam.com/epigenetics/histone-modifications
https://www.tocris.com/research-area/epigenetics-in-cancer
https://www.cancernetwork.com/review-article/managing-toxicities-high-dose-interleukin-2/page/0/1
https://www.cancernetwork.com/review-article/managing-toxicities-high-dose-interleukin-2/page/0/1

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Wang X LR, Luchtel R, Hafizi S, Gartrell B, Shenoy N. Immune evasion in renal cell carcinoma:
biology, clinical translation, future directions. Invited submission to Kidney International
2020.

Garcia-Lora A, Algarra |, and Garrido F. MHC class | antigens, immune surveillance, and tumor
immune escape. J Cell Physiol. 2003;195(3):346-55.

Garrido F, Aptsiauri N, Doorduijn EM, Garcia Lora AM, and van Hall T. The urgent need to
recover MHC class | in cancers for effective immunotherapy. Curr Opin Immunol. 2016;39:44-
51.

Romero JM, Aptsiauri N, Vazquez F, Cozar JM, Canton J, Cabrera T, et al. Analysis of the
expression of HLA class |, proinflammatory cytokines and chemokines in primary tumors from
patients with localized and metastatic renal cell carcinoma. Tissue antigens. 2006;68(4):303-
10.

Dovhey SE, Ghosh NS, and Wright KL. Loss of interferon-gamma inducibility of TAP1 and
LMP2 in a renal cell carcinoma cell line. Cancer Res. 2000;60(20):5789-96.

Chen L, and Flies DB. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nature
reviews Immunology. 2013;13(4):227-42.

Hsu J, Hodgins JJ, Marathe M, Nicolai CJ, Bourgeois-Daigneault MC, Trevino TN, et al.
Contribution of NK cells to immunotherapy mediated by PD-1/PD-L1 blockade. The Journal of
clinical investigation. 2018;128(10):4654-68.

Luchtel RA, Bhagat T, Pradhan K, Jacobs WR, Jr., Levine M, Verma A, et al. High-dose ascorbic
acid synergizes with anti-PD1 in a lymphoma mouse model. Proceedings of the National
Academy of Sciences of the United States of America. 2020;117(3):1666-77.

Lee J, Ahn E, Kissick HT, and Ahmed R. Reinvigorating Exhausted T Cells by Blockade of the
PD-1 Pathway. For Immunopathol Dis Therap. 2015;6(1-2):7-17.

Lim TS, Chew V, Sieow JL, Goh S, Yeong JP, Soon AL, et al. PD-1 expression on dendritic cells
suppresses CD8(+) T cell function and antitumor immunity. Oncoimmunology.
2016;5(3):e1085146.

Motzer RJ, Escudier B, McDermott DF, George S, Hammers HJ, Srinivas S, et al. Nivolumab
versus Everolimus in Advanced Renal-Cell Carcinoma. The New England journal of medicine.
2015;373(19):1803-13.

Motzer RJ, Penkov K, Haanen J, Rini B, Albiges L, Campbell MT, et al. Avelumab plus Axitinib
versus Sunitinib for Advanced Renal-Cell Carcinoma. The New England journal of medicine.
2019;380(12):1103-15.

Jilaveanu LB, Shuch B, Zito CR, Parisi F, Barr M, Kluger Y, et al. PD-L1 Expression in Clear Cell
Renal Cell Carcinoma: An Analysis of Nephrectomy and Sites of Metastases. Journal of
Cancer. 2014;5(3):166-72.

Joseph RW, Millis SZ, Carballido EM, Bryant D, Gatalica Z, Reddy S, et al. PD-1 and PD-L1
Expression in Renal Cell Carcinoma with Sarcomatoid Differentiation. Cancer immunology
research. 2015;3(12):1303-7.

Bunse L, Pusch S, Bunse T, Sahm F, Sanghvi K, Friedrich M, et al. Suppression of antitumor T
cell immunity by the oncometabolite (R)-2-hydroxyglutarate. Nature medicine.
2018;24(8):1192-203.

Leach DR, Krummel MF, and Allison JP. Enhancement of antitumor immunity by CTLA-4
blockade. Science. 1996;271(5256):1734-6.

Pentcheva-Hoang T, Egen JG, Wojnoonski K, and Allison JP. B7-1 and B7-2 selectively recruit
CTLA-4 and CD28 to the immunological synapse. Immunity. 2004;21(3):401-13.

FDA approves nivolumab plus ipilimumab combination for intermediate or poor-risk
advanced renal cell carcinoma.

Sica GL, Choi IH, Zhu G, Tamada K, Wang SD, Tamura H, et al. B7-H4, a molecule of the B7
family, negatively regulates T cell immunity. Immunity. 2003;18(6):849-61.

53



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Xu L, ZhuY, Chen L, An H, Zhang W, Wang G, et al. Prognostic value of diametrically polarized
tumor-associated macrophages in renal cell carcinoma. Annals of surgical oncology.
2014;21(9):3142-50.

Azuma T, Sato Y, Ohno T, Azuma M, and Kume H. Serum soluble B7-H4 is a prognostic marker
for patients with non-metastatic clear cell renal cell carcinoma. PLoS One.
2018;13(7):e0199719.

Fukuda T, Kamai T, Masuda A, Nukui A, Abe H, Arai K, et al. Higher preoperative serum levels
of PD-L1 and B7-H4 are associated with invasive and metastatic potential and predictable for
poor response to VEGF-targeted therapy and unfavorable prognosis of renal cell carcinoma.
Cancer Med. 2016;5(8):1810-20.

Podojil JR, and Miller SD. Potential targeting of B7-H4 for the treatment of cancer. Immunol
Rev. 2017;276(1):40-51.

Dangaj D, Lanitis E, Zhao A, Joshi S, Cheng Y, Sandaltzopoulos R, et al. Novel recombinant
human b7-h4 antibodies overcome tumoral immune escape to potentiate T-cell antitumor
responses. Cancer Res. 2013;73(15):4820-9.

Yuan J, Jiang B, Zhao H, and Huang Q. Prognostic implication of TIM-3 in clear cell renal cell
carcinoma. Neoplasma. 2014;61(1):35-40.

Zelba H, Bedke J, Hennenlotter J, Mostbock S, Zettl M, Zichner T, et al. PD-1 and LAG-3
Dominate Checkpoint Receptor-Mediated T-cell Inhibition in Renal Cell Carcinoma. Cancer
immunology research. 2019;7(11):1891-9.

Carosella ED, Rouas-Freiss N, Tronik-Le Roux D, Moreau P, and LeMaoult J. HLA-G: An
Immune Checkpoint Molecule. Adv Immunol. 2015;127:33-144.

Carosella ED, Ploussard G, LeMaoult J, and Desgrandchamps F. A Systematic Review of
Immunotherapy in Urologic Cancer: Evolving Roles for Targeting of CTLA-4, PD-1/PD-L1, and
HLA-G. Eur Urol. 2015;68(2):267-79.

Rouas-Freiss N, LeMaoult J, Verine J, Tronik-Le Roux D, Culine S, Hennequin C, et al.
Intratumor heterogeneity of immune checkpoints in primary renal cell cancer: Focus on HLA-
G/ILT2/ILT4. Oncoimmunology. 2017;6(9):e1342023.

Fujita H, Hatanaka Y, Sutoh Y, Suzuki Y, Oba K, Hatanaka KC, et al. Immunohistochemical
validation and expression profiling of NKG2D ligands in a wide spectrum of human epithelial
neoplasms. The journal of histochemistry and cytochemistry : official journal of the
Histochemistry Society. 2015;63(3):217-27.

Brand A, Singer K, Koehl GE, Kolitzus M, Schoenhammer G, Thiel A, et al. LDHA-Associated
Lactic Acid Production Blunts Tumor Immunosurveillance by T and NK Cells. Cell metabolism.
2016;24(5):657-71.

Kamiya T, Seow SV, Wong D, Robinson M, and Campana D. Blocking expression of inhibitory
receptor NKG2A overcomes tumor resistance to NK cells. The Journal of clinical investigation.
2019;129(5):2094-106.

Yu RK, Tsai Y-T, Ariga T, and Yanagisawa M. Structures, biosynthesis, and functions of
gangliosides--an overview. J Oleo Sci. 2011;60(10):537-44.

McKallip R, Li R, and Ladisch S. Tumor gangliosides inhibit the tumor-specific immune
response. J Immunol. 1999;163(7):3718-26.

Krengel U, and Bousquet PA. Molecular recognition of gangliosides and their potential for
cancer immunotherapies. Front Immunol. 2014;5:325.

Sa G, Das T, Moon C, Hilston CM, Rayman PA, Rini BI, et al. GD3, an overexpressed tumor-
derived ganglioside, mediates the apoptosis of activated but not resting T cells. Cancer Res.
2009;69(7):3095-104.

Rayman P, Wesa AK, Richmond AL, Das T, Biswas K, Raval G, et al. Effect of renal cell
carcinomas on the development of type 1 T-cell responses. Clin Cancer Res. 2004;10(18 Pt
2):6360s-6s.

54



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

1009.

110.

111.

Uzzo RG, Rayman P, Kolenko V, Clark PE, Bloom T, Ward AM, et al. Mechanisms of apoptosis
in T cells from patients with renal cell carcinoma. Clin Cancer Res. 1999;5(5):1219-29.

Kudo D, Rayman P, Horton C, Cathcart MK, Bukowski RM, Thornton M, et al. Gangliosides
expressed by the renal cell carcinoma cell line SK-RC-45 are involved in tumor-induced
apoptosis of T cells. Cancer Res. 2003;63(7):1676-83.

Das T, Sa G, Paszkiewicz-Kozik E, Hilston C, Molto L, Rayman P, et al. Renal cell carcinoma
tumors induce T cell apoptosis through receptor-dependent and receptor-independent
pathways. J Immunol. 2008;180(7):4687-96.

Itoh J, Ito A, Shimada S, Kawasaki Y, Kakoi N, Saito H, et al. Clinicopathological significance of
ganglioside DSGb5 expression in renal cell carcinoma. Glycoconj J. 2017;34(2):267-73.
Kawasaki Y, Ito A, Withers DA, Taima T, Kakoi N, Saito S, et al. Ganglioside DSGb5, preferred
ligand for Siglec-7, inhibits NK cell cytotoxicity against renal cell carcinoma cells.
Glycobiology. 2010;20(11):1373-9.

Hakimi AA, Reznik E, Lee CH, Creighton CJ, Brannon AR, Luna A, et al. An Integrated
Metabolic Atlas of Clear Cell Renal Cell Carcinoma. Cancer cell. 2016;29(1):104-16.

Ugele |, Cardenas-Conejo ZE, Hammon K, Wehrstein M, Bruss C, Peter K, et al. D-2-
Hydroxyglutarate and L-2-Hydroxyglutarate Inhibit IL-12 Secretion by Human Monocyte-
Derived Dendritic Cells. International journal of molecular sciences. 2019;20(3).

Morrot A, da Fonseca LM, Salustiano EJ, Gentile LB, Conde L, Filardy AA, et al. Metabolic
Symbiosis and Immunomodulation: How Tumor Cell-Derived Lactate May Disturb Innate and
Adaptive Immune Responses. Frontiers in oncology. 2018;8:81.

Najjar YG, Rayman P, Jia X, Pavicic PG, Jr., Rini Bl, Tannenbaum C, et al. Myeloid-Derived
Suppressor Cell Subset Accumulation in Renal Cell Carcinoma Parenchyma Is Associated with
Intratumoral Expression of IL1beta, IL8, CXCL5, and Mip-1alpha. Clin Cancer Res.
2017;23(9):2346-55.

Lucarelli G, Rutigliano M, Ferro M, Giglio A, Intini A, Triggiano F, et al. Activation of the
kynurenine pathway predicts poor outcome in patients with clear cell renal cell carcinoma.
Urologic oncology. 2017;35(7):461.e15-.e27.

Balkwill FR, Capasso M, and Hagemann T. The tumor microenvironment at a glance. J Cell Sci.
2012;125(Pt 23):5591-6.

Mbeunkui F, and Johann DJ, Jr. Cancer and the tumor microenvironment: a review of an
essential relationship. Cancer chemotherapy and pharmacology. 2009;63(4):571-82.

Geissler K, Fornara P, Lautenschldger C, Holzhausen HJ, Seliger B, and Riemann D. Immune
signature of tumor infiltrating immune cells in renal cancer. Oncoimmunology.
2015;4(1):e985082.

Zhang S, Zhang E, Long J, Hu Z, Peng J, Liu L, et al. Immune infiltration in renal cell carcinoma.
Cancer Sci. 2019;110(5):1564-72.

Figel AM, Brech D, Prinz PU, Lettenmeyer UK, Eckl J, Turqueti-Neves A, et al. Human renal cell
carcinoma induces a dendritic cell subset that uses T-cell crosstalk for tumor-permissive
milieu alterations. Am J Pathol. 2011;179(1):436-51.

Facciabene A, Motz GT, and Coukos G. T-regulatory cells: key players in tumor immune
escape and angiogenesis. Cancer research. 2012;72(9):2162-71.

Huang Y, Wang J, Jia P, Li X, Pei G, Wang C, et al. Clonal architectures predict clinical outcome
in clear cell renal cell carcinoma. Nat Commun. 2019;10(1):1245.

Ghatalia P, Gordetsky J, Kuo F, Dulaimi E, Cai KQ, Devarajan K, et al. Prognostic impact of
immune gene expression signature and tumor infiltrating immune cells in localized clear cell
renal cell carcinoma. J Immunother Cancer. 2019;7(1):139.

Santagata S, Napolitano M, D'Alterio C, Desicato S, Maro SD, Marinelli L, et al. Targeting
CXCR4 reverts the suppressive activity of T-regulatory cells in renal cancer. Oncotarget.
2017;8(44):77110-20.

55



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Righi E, Kashiwagi S, Yuan J, Santosuosso M, Leblanc P, Ingraham R, et al. CXCL12/CXCR4
blockade induces multimodal antitumor effects that prolong survival in an
immunocompetent mouse model of ovarian cancer. Cancer Res. 2011;71(16):5522-34.
Chen Y, Ramjiawan RR, Reiberger T, Ng MR, Hato T, Huang Y, et al. CXCR4 inhibition in tumor
microenvironment facilitates anti-programmed death receptor-1 immunotherapy in
sorafenib-treated hepatocellular carcinoma in mice. Hepatology. 2015;61(5):1591-602.
Ozkan B, Lim H, and Park S-G. Immunomodulatory Function of Myeloid-Derived Suppressor
Cells during B Cell-Mediated Immune Responses. International journal of molecular sciences.
2018;19(5):1468.
Kovaleva OV, Samoilova DV, Shitova MS, and Gratchev A. Tumor Associated Macrophages in
Kidney Cancer. Analytical cellular pathology (Amsterdam). 2016;2016:9307549.
Részer T. Understanding the Mysterious M2 Macrophage through Activation Markers and
Effector Mechanisms. Mediators of inflammation. 2015;2015:816460.
Bi Y, Chen J, Hu F, Liu J, Li M, and Zhao L. M2 Macrophages as a Potential Target for
Antiatherosclerosis Treatment. Neural Plasticity. 2019;2019:6724903.
Noessner E, Brech D, Mendler AN, Masouris |, Schlenker R, and Prinz PU. Intratumoral
alterations of dendritic-cell differentiation and CD8(+) T-cell anergy are immune escape
mechanisms of clear cell renal cell carcinoma. Oncoimmunology. 2012;1(8):1451-3.
Webster WS, Lohse CM, Thompson RH, Dong H, Frigola X, Dicks DL, et al. Mononuclear cell
infiltration in clear-cell renal cell carcinoma independently predicts patient survival. Cancer.
2006;107(1):46-53.
Okegawa T, Pong RC, Li Y, and Hsieh JT. The role of cell adhesion molecule in cancer
progression and its application in cancer therapy. Acta Biochim Pol. 2004;51(2):445-57.
Okegawa T, Li Y, Pong RC, and Hsieh JT. Cell adhesion proteins as tumor suppressors. J Urol.
2002;167(4):1836-43.
Juengel E, Krueger G, Rutz J, Nelson K, Werner I, Relja B, et al. Renal cell carcinoma alters
endothelial receptor expression responsible for leukocyte adhesion. Oncotarget.
2016;7(15):20410-24.
Labrousse-Arias D, Martinez-Alonso E, Corral-Escariz M, Bienes-Martinez R, Berridy J,
Serrano-Oviedo L, et al. VHL promotes immune response against renal cell carcinoma via NF-
kappaB-dependent regulation of VCAM-1. J Cell Biol. 2017;216(3):835-47.
Vasselli JR, Shih JH, lyengar SR, Maranchie J, Riss J, Worrell R, et al. Predicting survival in
patients with metastatic kidney cancer by gene-expression profiling in the primary tumor.
Proceedings of the National Academy of Sciences of the United States of America.
2003;100(12):6958-63.
Shioi K, Komiya A, Hattori K, Huang Y, Sano F, Murakami T, et al. Vascular cell adhesion
molecule 1 predicts cancer-free survival in clear cell renal carcinoma patients. Clin Cancer
Res. 2006;12(24):7339-46.
Yao M, Huang Y, Shioi K, Hattori K, Murakami T, Sano F, et al. A three-gene expression
signature model to predict clinical outcome of clear cell renal carcinoma. Int J Cancer.
2008;123(5):1126-32.
Hassan M, Feyen O, and Grinstein E. Fas-induced apoptosis of renal cell carcinoma is
mediated by apoptosis signal-regulating kinase 1 via mitochondrial damage-dependent
caspase-8 activation. Cell Oncol. 2009;31(6):437-56.
Huergo-Zapico L, Acebes-Huerta A, Lopez-Soto A, Villa-Alvarez M, Gonzalez-Rodriguez AP,
and Gonzalez S. Molecular Bases for the Regulation of NKG2D Ligands in Cancer. Front
Immunol. 2014;5:106.
Pavlova NN, and Thompson CB. The Emerging Hallmarks of Cancer Metabolism. Cell
metabolism. 2016;23(1):27-47.
Warburg O, Wind F, and Negelein E. THE METABOLISM OF TUMORS IN THE BODY. J Gen
Physiol. 1927;8(6):519-30.

56



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

Ma X, Hui Y, Lin L, Wu Y, Zhang X, and Liu P. Clinical significance of COX-2, GLUT-1 and VEGF
expressions in endometrial cancer tissues. Pak J Med Sci. 2015;31(2):280-4.
Liu J, Wen D, Fang X, Wang X, Liu T, and Zhu J. p38MAPK Signaling Enhances Glycolysis
Through the Up-Regulation of the Glucose Transporter GLUT-4 in Gastric Cancer Cells. Cell
Physiol Biochem. 2015;36(1):155-65.
Abdou AG, Eldien MM, and Elsakka D. GLUT-1 Expression in Cutaneous Basal and Squamous
Cell Carcinomas. Int J Surg Pathol. 2015;23(6):447-53.
van de Nes JA, Griewank KG, Schmid KW, and Grabellus F. Immunocytochemical analysis of
glucose transporter protein-1 (GLUT-1) in typical, brain invasive, atypical and anaplastic
meningioma. Neuropathology. 2015;35(1):24-36.
Zheng J. Energy metabolism of cancer: Glycolysis versus oxidative phosphorylation (Review).
Oncol Lett. 2012;4(6):1151-7.
Gatenby RA, and Gillies RJ. Why do cancers have high aerobic glycolysis? Nat Rev Cancer.
2004;4(11):891-9.
DeBerardinis RJ, and Chandel NS. Fundamentals of cancer metabolism. Sci Adv.
2016;2(5):e1600200.
Jiang L, Shestov AA, Swain P, Yang C, Parker SJ, Wang QA, et al. Reductive carboxylation
supports redox homeostasis during anchorage-independent growth. Nature.
2016;532(7598):255-8.
Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang H, Nyfeler B, et al. Bidirectional
transport of amino acids regulates mTOR and autophagy. Cell. 2009;136(3):521-34.
Gao P, Tchernyshyov |, Chang TC, Lee YS, Kita K, Ochi T, et al. c-Myc suppression of miR-23a/b
enhances mitochondrial glutaminase expression and glutamine metabolism. Nature.
2009;458(7239):762-5.
Wise DR, DeBerardinis RJ, Mancuso A, Sayed N, Zhang XY, Pfeiffer HK, et al. Myc regulates a
transcriptional program that stimulates mitochondrial glutaminolysis and leads to glutamine
addiction. Proceedings of the National Academy of Sciences of the United States of America.
2008;105(48):18782-7.
Reynolds MR, Lane AN, Robertson B, Kemp S, Liu Y, Hill BG, et al. Control of glutamine
metabolism by the tumor suppressor Rb. Oncogene. 2014;33(5):556-66.
Commisso C, Davidson SM, Soydaner-Azeloglu RG, Parker SJ, Kamphorst JJ, Hackett S, et al.
Macropinocytosis of protein is an amino acid supply route in Ras-transformed cells. Nature.
2013;497(7451):633-7.
Kerr MC, and Teasdale RD. Defining macropinocytosis. Traffic. 2009;10(4):364-71.
Krajcovic M, Krishna S, Akkari L, Joyce JA, and Overholtzer M. mTOR regulates phagosome
and entotic vacuole fission. Mol Biol Cell. 2013;24(23):3736-45.
Sun Q, Luo T, Ren Y, Florey O, Shirasawa S, Sasazuki T, et al. Competition between human
cells by entosis. Cell Res. 2014;24(11):1299-310.
Stolzing A, and Grune T. Neuronal apoptotic bodies: phagocytosis and degradation by
primary microglial cells. Faseb j. 2004;18(6):743-5.
Boya P, Reggiori F, and Codogno P. Emerging regulation and functions of autophagy. Nat Cell
Biol. 2013;15(7):713-20.
Stincone A, Prigione A, Cramer T, Wamelink MM, Campbell K, Cheung E, et al. The return of
metabolism: biochemistry and physiology of the pentose phosphate pathway. Biol Rev Camb
Philos Soc. 2015;90(3):927-63.
Wellen KE, Lu C, Mancuso A, Lemons JM, Ryczko M, Dennis JW, et al. The hexosamine
biosynthetic pathway couples growth factor-induced glutamine uptake to glucose
metabolism. Genes & development. 2010;24(24):2784-99.
Locasale JW, Grassian AR, Melman T, Lyssiotis CA, Mattaini KR, Bass AJ, et al.
Phosphoglycerate dehydrogenase diverts glycolytic flux and contributes to oncogenesis. Nat
Genet. 2011;43(9):869-74.

57



152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Possemato R, Marks KM, Shaul YD, Pacold ME, Kim D, Birsoy K, et al. Functional genomics
reveal that the serine synthesis pathway is essential in breast cancer. Nature.
2011;476(7360):346-50.

Pietrocola F, Galluzzi L, Bravo-San Pedro JM, Madeo F, and Kroemer G. Acetyl coenzyme A: a
central metabolite and second messenger. Cell metabolism. 2015;21(6):805-21.

Zhang J, Fan J, Venneti S, Cross JR, Takagi T, Bhinder B, et al. Asparagine plays a critical role in
regulating cellular adaptation to glutamine depletion. Mol Cell. 2014;56(2):205-18.

Cai L, Sutter BM, Li B, and Tu BP. Acetyl-CoA induces cell growth and proliferation by
promoting the acetylation of histones at growth genes. Mol Cell. 2011;42(4):426-37.

Sabari BR, Tang Z, Huang H, Yong-Gonzalez V, Molina H, Kong HE, et al. Intracellular crotonyl-
CoA stimulates transcription through p300-catalyzed histone crotonylation. Mol Cell.
2015;58(2):203-15.

Chiang EP, Wang YC, Chen WW, and Tang FY. Effects of insulin and glucose on cellular
metabolic fluxes in homocysteine transsulfuration, remethylation, S-adenosylmethionine
synthesis, and global deoxyribonucleic acid methylation. J Clin Endocrinol Metab.
2009;94(3):1017-25.

Shyh-Chang N, Locasale JW, Lyssiotis CA, Zheng Y, Teo RY, Ratanasirintrawoot S, et al.
Influence of threonine metabolism on S-adenosylmethionine and histone methylation.
Science. 2013;339(6116):222-6.

Chen Y, Sprung R, Tang Y, Ball H, Sangras B, Kim SC, et al. Lysine propionylation and
butyrylation are novel post-translational modifications in histones. Mol Cell Proteomics.
2007;6(5):812-9.

Wisniewski JR, Zougman A, and Mann M. Nepsilon-formylation of lysine is a widespread post-
translational modification of nuclear proteins occurring at residues involved in regulation of
chromatin function. Nucleic Acids Res. 2008;36(2):570-7.

Xie Z, Dai J, Dai L, Tan M, Cheng Z, Wu Y, et al. Lysine succinylation and lysine malonylation in
histones. Mol Cell Proteomics. 2012;11(5):100-7.

Shenoy N. Link between dysregulated hypoxia signaling and aberrant methylation in clear cell
renal cell carcinoma? Chin J Cancer Res. 2017;29(2):166-7.

Fischer K, Hoffmann P, Voelkl S, Meidenbauer N, Ammer J, Edinger M, et al. Inhibitory effect
of tumor cell-derived lactic acid on human T cells. Blood. 2007;109(9):3812-9.

Goetze K, Walenta S, Ksiazkiewicz M, Kunz-Schughart LA, and Mueller-Klieser W. Lactate
enhances motility of tumor cells and inhibits monocyte migration and cytokine release. Int J
Oncol. 2011;39(2):453-63.

Gottfried E, Kunz-Schughart LA, Ebner S, Mueller-Klieser W, Hoves S, Andreesen R, et al.
Tumor-derived lactic acid modulates dendritic cell activation and antigen expression. Blood.
2006;107(5):2013-21.

Colegio OR, Chu NQ, Szabo AL, Chu T, Rhebergen AM, Jairam V, et al. Functional polarization
of tumour-associated macrophages by tumour-derived lactic acid. Nature.
2014;513(7519):559-63.

Sonveaux P, Copetti T, De Saedeleer CJ, Vegran F, Verrax J, Kennedy KM, et al. Targeting the
lactate transporter MCT1 in endothelial cells inhibits lactate-induced HIF-1 activation and
tumor angiogenesis. PLoS One. 2012;7(3):e33418.

Constant JS, Feng JJ, Zabel DD, Yuan H, Suh DY, Scheuenstuhl H, et al. Lactate elicits vascular
endothelial growth factor from macrophages: a possible alternative to hypoxia. Wound
Repair Regen. 2000;8(5):353-60.

Fallarino F, Grohmann U, You S, McGrath BC, Cavener DR, Vacca C, et al. The combined
effects of tryptophan starvation and tryptophan catabolites down-regulate T cell receptor
zeta-chain and induce a regulatory phenotype in naive T cells. J Immunol. 2006;176(11):6752-
61.

58



170.

171.

172.

173.
174.
175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Opitz CA, Litzenburger UM, Sahm F, Ott M, Tritschler I, Trump S, et al. An endogenous
tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature.
2011;478(7368):197-203.

Rothberg JM, Bailey KM, Wojtkowiak JW, Ben-Nun Y, Bogyo M, Weber E, et al. Acid-mediated
tumor proteolysis: contribution of cysteine cathepsins. Neoplasia. 2013;15(10):1125-37.
Yagoda A, Abi-Rached B, and Petrylak D. Chemotherapy for advanced renal-cell carcinoma:
1983-1993. Semin Oncol. 1995;22(1):42-60.

van der Werf-Messing B. Carcinoma of the kidney. Cancer. 1973;32(5):1056-61.

Juusela H, Malmio K, Alfthan O, and Oravisto KJ. Preoperative Irradiation in the Treatment of
Renal Adenocarcinoma. Scandinavian Journal of Urology and Nephrology. 1977;11(3):277-81.
Hu CY, Mohtat D, Yu Y, Ko YA, Shenoy N, Bhattacharya S, et al. Kidney cancer is characterized
by aberrant methylation of tissue-specific enhancers that are prognostic for overall survival.
Clin Cancer Res. 2014;20(16):4349-60.

Shenoy N, Vallumsetla N, Zou Y, Galeas JN, Shrivastava M, Hu C, et al. Role of DNA
methylation in renal cell carcinoma. Journal of hematology & oncology. 2015;8:88.

Shenoy N, Shrivastava M, Sukrithan V, Papaspyridi D, and Darbinyan K. The Regulation and
Interactions of the Hypoxia Inducible Factor Pathway in Carcinogenesis and Potential Cancer
Therapeutic Strategies. Journal of Cancer Therapy. 2015;Vol.06No.06:11.

Shenoy N, Bhagat TD, Cheville J, Lohse C, Bhattacharyya S, Tischer A, et al. Ascorbic acid-
induced TET activation mitigates adverse hydroxymethylcytosine loss in renal cell carcinoma.
The Journal of clinical investigation. 2019;130:1612-25.

Shenoy N. Epigenetic dysregulation by aberrant metabolism in renal cell carcinoma can be
reversed with Ascorbic acid. Mol Cell Oncol. 2019;6(3):1595309.

Shim E-H, Livi CB, Rakheja D, Tan J, Benson D, Parekh V, et al. L-2-Hydroxyglutarate: an
epigenetic modifier and putative oncometabolite in renal cancer. Cancer discovery.
2014;4(11):1290-8.

Blaschke K, Ebata KT, Karimi MM, Zepeda-Martinez JA, Goyal P, Mahapatra S, et al. Vitamin C
induces Tet-dependent DNA demethylation and a blastocyst-like state in ES cells. Nature.
2013;500(7461):222-6.

Creagan ET, Moertel CG, O'Fallon JR, Schutt AJ, O'Connell MJ, Rubin J, et al. Failure of high-
dose vitamin C (ascorbic acid) therapy to benefit patients with advanced cancer. A controlled
trial. The New England journal of medicine. 1979;301(13):687-90.

Moertel CG, Fleming TR, Creagan ET, Rubin J, O'Connell MJ, and Ames MM. High-dose
vitamin C versus placebo in the treatment of patients with advanced cancer who have had no
prior chemotherapy. A randomized double-blind comparison. The New England journal of
medicine. 1985;312(3):137-41.

Shenoy N, Creagan E, Witzig T, and Levine M. Ascorbic Acid in Cancer Treatment: Let the
Phoenix Fly. Cancer cell. 2018;34(5):700-6.

Verrax J, and Calderon PB. Pharmacologic concentrations of ascorbate are achieved by
parenteral administration and exhibit antitumoral effects. Free radical biology & medicine.
2009;47(1):32-40.

Chen Q, Espey MG, Sun AY, Lee JH, Krishna MC, Shacter E, et al. Ascorbate in pharmacologic
concentrations selectively generates ascorbate radical and hydrogen peroxide in extracellular
fluid in vivo. Proceedings of the National Academy of Sciences of the United States of
America. 2007;104(21):8749-54.

Shenoy N, Bhagat T, Nieves E, Stenson M, Lawson J, Choudhary GS, et al. Upregulation of TET
activity with ascorbic acid induces epigenetic modulation of lymphoma cells. Blood cancer
journal. 2017;7(7):e587.

Odejide O, Weigert O, Lane AA, Toscano D, Lunning MA, Kopp N, et al. A targeted mutational
landscape of angioimmunoblastic T-cell ymphoma. Blood. 2014;123(9):1293-6.

59



189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Lemonnier F, Couronne L, Parrens M, Jais JP, Travert M, Lamant L, et al. Recurrent TET2
mutations in peripheral T-cell ymphomas correlate with TFH-like features and adverse
clinical parameters. Blood. 2012;120(7):1466-9.

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer genomics
portal: an open platform for exploring multidimensional cancer genomics data. Cancer
discovery. 2012;2(5):401-4.

Hoffer LJ, Levine M, Assouline S, Melnychuk D, Padayatty SJ, Rosadiuk K, et al. Phase | clinical
trial of i.v. ascorbic acid in advanced malignancy. Ann Oncol. 2008;19(11):1969-74.

Clozel T, Yang S, Elstrom RL, Tam W, Martin P, Kormaksson M, et al. Mechanism-based
epigenetic chemosensitization therapy of diffuse large B-cell ymphoma. Cancer discovery.
2013;3(9):1002-19.

Cameron E, and Campbell A. The orthomolecular treatment of cancer. Il. Clinical trial of high-
dose ascorbic acid supplements in advanced human cancer. Chem Biol Interact.
1974;9(4):285-315.

Cameron E, and Pauling L. Supplemental ascorbate in the supportive treatment of cancer:
Prolongation of survival times in terminal human cancer. Proceedings of the National
Academy of Sciences of the United States of America. 1976;73(10):3685-9.

Cameron E, and Pauling L. Supplemental ascorbate in the supportive treatment of cancer:
reevaluation of prolongation of survival times in terminal human cancer. Proceedings of the
National Academy of Sciences of the United States of America. 1978;75(9):4538-42.
Padayatty SJ, Sun H, Wang Y, Riordan HD, Hewitt SM, Katz A, et al. Vitamin C
pharmacokinetics: implications for oral and intravenous use. Ann Intern Med.
2004;140(7):533-7.

Carr AC, Vissers MC, and Cook JS. The effect of intravenous vitamin C on cancer- and
chemotherapy-related fatigue and quality of life. Frontiers in oncology. 2014;4:283.

Ma Y, Chapman J, Levine M, Polireddy K, Drisko J, and Chen Q. High-dose parenteral
ascorbate enhanced chemosensitivity of ovarian cancer and reduced toxicity of
chemotherapy. Sci Transl Med. 2014;6(222):222ral8.

Stephenson CM, Levin RD, Spector T, and Lis CG. Phase | clinical trial to evaluate the safety,
tolerability, and pharmacokinetics of high-dose intravenous ascorbic acid in patients with
advanced cancer. Cancer Chemother Pharmacol. 2013;72(1):139-46.

Welsh JL, Wagner BA, van't Erve TJ, Zehr PS, Berg DJ, Halfdanarson TR, et al. Pharmacological
ascorbate with gemcitabine for the control of metastatic and node-positive pancreatic cancer
(PACMAN): results from a phase | clinical trial. Cancer Chemother Pharmacol. 2013;71(3):765-
75.

Monti DA, Mitchell E, Bazzan AJ, Littman S, Zabrecky G, Yeo CJ, et al. Phase | evaluation of
intravenous ascorbic acid in combination with gemcitabine and erlotinib in patients with
metastatic pancreatic cancer. PLoS One. 2012;7(1):e29794.

Chen Q, Espey MG, Krishna MC, Mitchell JB, Corpe CP, Buettner GR, et al. Pharmacologic
ascorbic acid concentrations selectively kill cancer cells: action as a pro-drug to deliver
hydrogen peroxide to tissues. Proceedings of the National Academy of Sciences of the United
States of America. 2005;102(38):13604-9.

Chen Q, Espey MG, Sun AY, Pooput C, Kirk KL, Krishna MC, et al. Pharmacologic doses of
ascorbate act as a prooxidant and decrease growth of aggressive tumor xenografts in mice.
Proceedings of the National Academy of Sciences of the United States of America.
2008;105(32):11105-9.

Liu M, Ohtani H, Zhou W, Orskov AD, Charlet J, Zhang YW, et al. Vitamin C increases viral
mimicry induced by 5-aza-2'-deoxycytidine. Proceedings of the National Academy of Sciences
of the United States of America. 2016;113(37):10238-44.

60



205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

Agathocleous M, Meacham CE, Burgess RJ, Piskounova E, Zhao Z, Crane GM, et al. Ascorbate
regulates haematopoietic stem cell function and leukaemogenesis. Nature.
2017;549(7673):476-81.

Cimmino L, Dolgalev |, Wang Y, Yoshimi A, Martin GH, Wang J, et al. Restoration of TET2
Function Blocks Aberrant Self-Renewal and Leukemia Progression. Cell. 2017;170(6):1079-
95.e20.

Daver N, Boddu P, Garcia-Manero G, Yadav SS, Sharma P, Allison J, et al. Hypomethylating
agents in combination with immune checkpoint inhibitors in acute myeloid leukemia and
myelodysplastic syndromes. Leukemia. 2018;32(5):1094-105.

Lindblad KE, Goswami M, Hourigan CS, and Oetjen KA. Immunological effects of
hypomethylating agents. Expert review of hematology. 2017;10(8):745-52.

Weiser TS, Guo ZS, Ohnmacht GA, Parkhurst ML, Tong-On P, Marincola FM, et al. Sequential
5-Aza-2 deoxycytidine-depsipeptide FR901228 treatment induces apoptosis preferentially in
cancer cells and facilitates their recognition by cytolytic T lymphocytes specific for NY-ESO-1.
Journal of immunotherapy (Hagerstown, Md : 1997). 2001;24(2):151-61.

Roulois D, Loo Yau H, Singhania R, Wang Y, Danesh A, Shen SY, et al. DNA-Demethylating
Agents Target Colorectal Cancer Cells by Inducing Viral Mimicry by Endogenous Transcripts.
Cell. 2015;162(5):961-73.

Chiappinelli KB, Strissel PL, Desrichard A, Li H, Henke C, Akman B, et al. Inhibiting DNA
Methylation Causes an Interferon Response in Cancer via dsRNA Including Endogenous
Retroviruses. Cell. 2017;169(2):361.

Coral S, Sigalotti L, Altomonte M, Engelsberg A, Colizzi F, Cattarossi |, et al. 5-aza-2'-
deoxycytidine-induced expression of functional cancer testis antigens in human renal cell
carcinoma: immunotherapeutic implications. Clin Cancer Res. 2002;8(8):2690-5.

Ang A, Pullar JM, Currie MJ, and Vissers MCM. Vitamin C and immune cell function in
inflammation and cancer. Biochemical Society transactions. 2018;46(5):1147-59.

Jeong YJ, Kim JH, Hong JM, Kang JS, Kim HR, Lee WJ, et al. Vitamin C treatment of mouse
bone marrow-derived dendritic cells enhanced CD8(+) memory T cell production capacity of
these cells in vivo. Immunobiology. 2014;219(7):554-64.

Gao XN, Lin J, Wang LL, and Yu L. Demethylating treatment suppresses natural killer cell
cytolytic activity. Molecular immunology. 2009;46(10):2064-70.

Gang AO, Frosig TM, Brimnes MK, Lyngaa R, Treppendahl MB, Gronbaek K, et al. 5-
Azacytidine treatment sensitizes tumor cells to T-cell mediated cytotoxicity and modulates
NK cells in patients with myeloid malignancies. Blood cancer journal. 2014;4:e197.

Stubig T, Badbaran A, Luetkens T, Hildebrandt Y, Atanackovic D, Binder TM, et al. 5-
azacytidine promotes an inhibitory T-cell phenotype and impairs immune mediated
antileukemic activity. Mediators of inflammation. 2014;2014:418292.

Tsagaratou A, Aijo T, Lio CW, Yue X, Huang Y, Jacobsen SE, et al. Dissecting the dynamic
changes of 5-hydroxymethylcytosine in T-cell development and differentiation. Proceedings
of the National Academy of Sciences of the United States of America. 2014;111(32):E3306-15.
Attermann AS, Bjerregaard AM, Saini SK, Gronbaek K, and Hadrup SR. Human endogenous
retroviruses and their implication for immunotherapeutics of cancer. Ann Oncol.
2018;29(11):2183-91.

Sheng W, LaFleur MW, Nguyen TH, Chen S, Chakravarthy A, Conway JR, et al. LSD1 Ablation
Stimulates Anti-tumor Immunity and Enables Checkpoint Blockade. Cell. 2018;174(3):549-
63.e19.

Huang W, Zhou Q, Yuan X, Ge ZM, Ran FX, Yang HY, et al. Proteasome Inhibitor YSYO1A
Enhances Cisplatin Cytotoxicity in Cisplatin-Resistant Human Ovarian Cancer Cells. Journal of
Cancer. 2016;7(9):1133-41.

61



222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234,

235.

236.

237.

238.

239.

240.

JinJL, Gong J, Yin TJ, Lu YJ, Xia JJ, Xie YY, et al. PTD4-apoptin protein and dacarbazine show a
synergistic antitumor effect on B16-F1 melanoma in vitro and in vivo. European journal of
pharmacology. 2011;654(1):17-25.
Li X, Lin Z, Zhang B, Guo L, Liu S, Li H, et al. beta-elemene sensitizes hepatocellular carcinoma
cells to oxaliplatin by preventing oxaliplatin-induced degradation of copper transporter 1.
Scientific reports. 2016;6:21010.
Xu SP, Sun GP, Shen YX, Wei W, Peng WR, and Wang H. Antiproliferation and apoptosis
induction of paeonol in HepG2 cells. World journal of gastroenterology. 2007;13(2):250-6.
Larimer BM, Wehrenberg-Klee E, Dubois F, Mehta A, Kalomeris T, Flaherty K, et al. Granzyme
B PET Imaging as a Predictive Biomarker of Immunotherapy Response. Cancer Res.
2017;77(9):2318-27.
Shenoy N, Stenson M, Lawson J, Abeykoon J, Patnaik M, Wu X, et al. Drugs with anti-oxidant
properties can interfere with cell viability measurements by assays that rely on the reducing
property of viable cells. Laboratory investigation; a journal of technical methods and
pathology. 2017.
Shenoy N, Wu X, and Witzig TJPE. Protocol modification to determine the cytotoxic potential
of drugs using cell viability assays that rely on the reducing property of viable cells. 2017.
O'Brien J, Wilson I, Orton T, and Pognan F. Investigation of the Alamar Blue (resazurin)
fluorescent dye for the assessment of mammalian cell cytotoxicity. European journal of
biochemistry. 2000;267(17):5421-6.
Gonzalez RJ, and Tarloff JB. Evaluation of hepatic subcellular fractions for Alamar blue and
MTT reductase activity. Toxicology in vitro : an international journal published in association
with BIBRA. 2001;15(3):257-9.
Shenoy NK, Ou F-S, Cheville JC, Bhagat T, Gartrell BA, Verma A, et al. Randomized phase |l
trial of intravenous ascorbic acid (AA) as an adjunct to pazopanib for metastatic and
unresectable clear cell renal cell carcinoma (ccRCC): A study of Academic and Community
Cancer Research United (ACCRU) GU1703. 2019;37(7_suppl):TPS679-TPS.
Buettner GR. In the absence of catalytic metals ascorbate does not autoxidize at pH 7:
ascorbate as a test for catalytic metals. J Biochem Biophys Methods. 1988;16(1):27-40.
Pauling L. Vitamin C therapy of advanced cancer. The New England journal of medicine.
1980;302(12):694-5.
Padayatty SJ, Riordan HD, Hewitt SM, Katz A, Hoffer LJ, and Levine M. Intravenously
administered vitamin C as cancer therapy: three cases. Cmaj. 2006;174(7):937-42.
Hugh D. Riordan MDJAJ, MT(ASCP)CLS, Ph.D., BCLD;, and Neil H. Riordan R-CMS, A.R.N.P.
High-Dose Intravenous Vitamin C in the Treatment of a patient with Renal Cell Carcinoma of
the Kidney.
Vera JC, Rivas Cl, Velasquez FV, Zhang RH, Concha, Il, and Golde DW. Resolution of the
facilitated transport of dehydroascorbic acid from its intracellular accumulation as ascorbic
acid. J Biol Chem. 1995;270(40):23706-12.
Diliberto EJ, Jr., Heckman GD, and Daniels AJ. Characterization of ascorbic acid transport by
adrenomedullary chromaffin cells. Evidence for Na+-dependent co-transport. J Biol Chem.
1983;258(21):12886-94.
Tsukaguchi H, Tokui T, Mackenzie B, Berger UV, Chen XZ, Wang Y, et al. A family of
mammalian Na+-dependent L-ascorbic acid transporters. Nature. 1999;399(6731):70-5.
Welch RW, Wang Y, Crossman A, Jr., Park JB, Kirk KL, and Levine M. Accumulation of vitamin
C (ascorbate) and its oxidized metabolite dehydroascorbic acid occurs by separate
mechanisms. J Biol Chem. 1995;270(21):12584-92.
Du J, Cullen JJ, and Buettner GR. Ascorbic acid: chemistry, biology and the treatment of
cancer. Biochim Biophys Acta. 2012;1826(2):443-57.
May JM, Qu ZC, Qiao H, and Koury MJ. Maturational loss of the vitamin C transporter in
erythrocytes. Biochem Biophys Res Commun. 2007;360(1):295-8.

62



241. TuH,Wangy, Li H, Brinster LR, and Levine M. Chemical Transport Knockout for Oxidized
Vitamin C, Dehydroascorbic Acid, Reveals Its Functions in vivo. EBioMedicine. 2017;23:125-
35.

242.  Sage JM, and Carruthers A. Human erythrocytes transport dehydroascorbic acid and sugars
using the same transporter complex. Am J Physiol Cell Physiol. 2014;306(10):C910-C7.

243.  Shen C, Beroukhim R, Schumacher SE, Zhou J, Chang M, Signoretti S, et al. Genetic and
functional studies implicate HIFlalpha as a 14q kidney cancer suppressor gene. Cancer
discovery. 2011;1(3):222-35.

244,  Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. 2003;3(10):721-32.

245.  Semenza GL. Defining the role of hypoxia-inducible factor 1 in cancer biology and
therapeutics. Oncogene. 2010;29(5):625-34.

246.  Kroeger N, Klatte T, Chamie K, Rao PN, Birkhauser FD, Sonn GA, et al. Deletions of
chromosomes 3p and 14q molecularly subclassify clear cell renal cell carcinoma. Cancer.
2013;119(8):1547-54.

247.  Shelar S, Shim EH, Brinkley GJ, Kundu A, Carobbio F, Poston T, et al. Biochemical and
Epigenetic Insights into L-2-Hydroxyglutarate, a Potential Therapeutic Target in Renal Cancer.
Clin Cancer Res. 2018;24(24):6433-46.

63



Xl.  Appendix

X1.1 HIF1a is not a target of 14q deletion in clear cell renal cancer (Shenoy N*. under
review at PLOS Genetics. *single author)

Clear cell renal cell carcinoma (ccRCC) is the only malignancy in which Hypoxia Inducible
Factor 1-alpha (HIF1a) has been stated to have a tumor-suppressive role. The claim was
primarily based on proliferation studies in ccRCC cell lines and their xenograft models in
nude mice with HIF1a manipulation, published in 2011 (243). While the data were
compelling, they stood in contrast with the well-established tumor-promoting properties of
HIF1a in other malignancies (via angiogenesis, metabolic adaptation, resistance and
survival)(177, 244, 245). The paper further stated that loss of HIF1A gene (which is located
at 14923.2, and encodes HIF1a) was a 'target' of 14q loss in kidney cancer (14q deletion is
seen in up to 40% of ccRCC). Following this landmark paper, the poor prognosis of 14q
deleted RCC patients was commonly attributed to loss of HIF1A (246). From a translational
standpoint, inhibiting HIF1 as an anti-cancer strategy has since been viewed as murky at

best, and indeed likely harmful in kidney cancer.

Recently, however, HIF-2 inhibition-resistant ccRCC patient-derived xenograft tumors were
found to have high HIF1a levels, raising the question whether HIF1a indeed played a tumor
promoting/resistance conferring role in these ccRCC tumors
(https://doi.org/10.1016/j.eururo.2017.10.007). Then, within the last year and half, the tumor
suppressive role of LZHGDH (L-2-hydroxyglutarate dehydrogenase) was characterized and
reported in ccRCC- based not only on mechanistic in vitro and in vivo studies (247) but also
on patient histology, tumor methylation and survival data (178). L2ZHGDH is a flavin adenine
dinucleotide (FAD)-dependent enzyme that oxidizes L-2-hydroxyglutarate (L2HG) to alpha-
ketoglutarate. Loss of LZHGDH in ccRCC (via deletions and under-expression) leads to the
accumulation of L2HG, which is an oncometabolite that inhibits the TET enzymes, resulting
in an adverse loss of 5hmC and gain of 5mC. Furthermore, this characterization of LZHGDH

as a tumor suppressor was much more comprehensive than HIF1a.

This manuscript reports that LZHGDH is located reasonably close to HIF1A on 14q (at
14921.3), and is deleted in nearly 95% of 14q deletions in ccRCC involving the HIF1A locus
(an observation that triggered this investigation). Furthermore, the copy number of HIF1A
correlates much stronger with LZHGDH expression (Rho=0.55) than its own gene expression
(Rho=0.27) revealing that there is a high degree of preserved-allele compensation of HIF1A
in 14q deleted RCC (compared to L2ZHGDH as well as other potential 14g tumor suppressors

identified in this manuscript). Therefore, genetic loss of HIF1A in ccRCC is associated with a
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markedly greater reduction in L2ZHGDH expression than its own gene expression. In addition,
when genetic loss of HIF1A occurs without genetic loss of LZHGDH (which occurs in <5% of
14q deletions), the survival is significantly greater (nearly two times) than when there is
simultaneous genetic loss of both (p=0.007). Finally, HIF1a data from this large cohort of
cCcRCC patients (TCGA) at the mRNA (n=530) and protein (n=444) levels showed that it has
no impact on survival. Therefore, put together, the data strongly indicate that HIF1a is not a

target of 14q deletion, and hence a tumor suppressor, in ccRCC.

This finding represents a significant conceptual advance for the field with high translational
relevance. Moreover, controversially, it happens to refute a claim made by Dr. William Kaelin
(recipient of the 2019 Nobel Prize in Medicine) that HIF1A is a target of 14q deletion in
ccRCC. Therefore, importantly, the manuscript calls for a need to take into consideration
differences between the biology of human cancers and that of cell lines/xenografts in nude
mouse models, while assigning an overall tumor suppressive/promoter role for a particular
protein in human cancers. By analogy, when a drug is considered to be a promising anti-
cancer agent based on in vitro and in vivo models but then fails to demonstrate any anti-

tumor effect in humans, it is no longer considered an effective anti-cancer agent.
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