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Thesis Abstract

Most human tumors exhibit accumulation of mutations throughout their progression. In
addition, many human tumors are infiltrated with inflammatory cells, such as neutrophils and
macrophages. These cells can generate potentially mutagenic species, including nitric oxide-
derived species. We hypothesize that these species contribute to the accumulation of
mutations in tumors. Our lab previously developed the ‘Mutatect’ mouse tumor model to
study this hypothesis. Mutatect fibrosarcoma cells can form solid tumors in C57BL/6 mice
when injected subcutaneously. These tumors are variably infiltrated with neutrophils. The
neutrophils contain inducible nitric oxide synthase, and tumor cells contain nitrotyrosine, an
indicator of nitric oxide-derived damage. Neutrophil number correlates with mutation
arising in vivo in Mutatect cells at the hypoxanthine phosphoribosyltransferase (Aprt) locus, a
marker of genetic damage. Dietary vitamin E significantly lowers the Aprt mutations. [
genetically engineered Mutatect cells to produce interleukin-8, a neutrophil attractant. Cells
expressing high levels of interleukin-8 formed small tumors, whereas cells expressing lower
levels produced large tumors. A biochemical assay was developed to quantify neutrophil
content in tumors. Interleukin-8-expressing tumors had a significantly higher neutrophil
content and Aprt mutations than non-expressing tumors. Interleukin-8 gene instability was
observed in high interleukin-8-expressing tumors. Dietary vitamin E dramatically inhibited
both Aprt mutations and interleukin-8 instability. It also affected neutrophil distribution in
tumors. High level of protein nitrotyrosine was seen in tumors with high neutrophil content
(and mutations). Using proteomics tools, a significant amount of nitrotyrosine could be
identified in histones, the major nuclear proteins associated with DNA. Mechanism of nitric
oxide-derived mutagenicity was also examined. Previous studies implicate the role of
intracellular S-nitrosoglutathione, which was recently found to be detoxified by
formaldehyde dehydrogenase. I developed several cell-lines with down-regulated
formaldehyde dehydrogenase levels using RNA interference and antisense techniques. A
metabolic cycle, involving formaldehyde dehydrogenase, capable of regulating protein S-
nitrosation was identified. This thesis has contributed significantly towards understanding
the role of inflammatory cells and the nitric oxide-derived factors in solid tumors. It has also
allowed us to understand the mechanism(s) of S-nitrosation and tyrosine nitration in proteins,

both of which may have physiological and pathological relevance.
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General Introduction



a) Background
i) Genetic instability in human cancers

The majority of human cancers (including solid tumors, leukemias, and lymphomas)
are characterized by the accumulation of mutations, referred to as genetic instability (/).
Mutations can be categorized into 2 major types: i) chromosomal abnormalities, which
include gain or loss of chromosome (aneuploidy), chromosomal rearrangements resulting
from DNA strand breaks (translocations, inversions, or other rearrangements), and gain or
loss of portions of chromosomes (amplification, large-scale deletions); ii) nucleotide
sequence abnormalities, which include point mutations (missense, nonsense) and small
insertions or deletions (some of which result in frame-shift mutations). Mutations can occur
throughout the genome but they contribute to cancer by affecting 2 major classes of genes:
cellular proto-oncogenes and tumor-suppressor genes. Cellular proto-oncogenes normally
function in cell-cycle progression and cellular proliferation. Mutational activation of a
number of cellular proto-oncogenes has been observed in many human cancers (Table I.1).
Mutations in proto-oncogenes result in the synthesis of an oncogenic protein product that can
promote unregulated cell-cycle progression and cellular proliferation, hallmarks of cancerous
cells. Tumor-suppressor genes, by contrast, are negative regulators of cellular proliferation
and cell-cycle progression. Mutational inactivation of this class of genes is also observed in
many human cancers (Table 1.2). Functional or physical loss of tumor-suppressor genes
frees the cell from the growth constraints imposed by their protein products, contributing to
cancer development. Thus, the accumulation of mutations in both cellular proto-oncogene
and tumor-suppressor genes, observed in many human cancers, can contribute to the process
of tumor progression through the uncoupling of the normal controls that hold the cell cycle in

check or promote cell-death.

il) Mutations and cancer progression
During the last 50 years, the sequence of events comprising cancer development has

been systematically dissected and the mechanism increasingly refined. Figure I.1 illustrates
the widely accepted paradigm of cancer initiation and progression. The conversion of a
normal cell into a malignant and a metastatic one requires multiple steps. Each step is
characterized by a mutational event that confers some form of selective advantage for cell

growth to the affected cell (/). Mutations that lead to activation of cellular proto-oncogenes



TABLE /.1: Examples of mutated proto-oncogenes in human cancers.

Mutations
Proto- Tumor type
Type
oncogenes
. . Thyroid, GI tract, uterus, lung, myelodysplastic
Point-mutation )
c-ras syndromes, leukemias, pancreas, bile duct
Amplification Bladder, breast, lung and head and neck carcinomas
. Leukemias, breast, stomach, lung, and colon
Amplification ) ]
c-myc carcinomas, neuroblastomas and glioblastomas
Translocation Burkitt’s lymphoma and other hematopoietic tumors
Glioblastomas, medulloblastomas and renal cell,
c-erbB Amplification squamous cell, breast, gastric, esophageal, salivary
gland, lung, colon, and ovarian carcinomas
From ref. (2).



TABLE /.2: Examples of tumor suppressor genes.

Tumor suppressor Tumor types

genes

Rb1 Retinoblastoma, sarcomas, bladder, breast, esophageal, and lung
carcinomas

p33 Li-Fraumeni cancer family syndrome, bladder, breast, colorectal,

esophageal, liver, lung, and ovarian carcinomas, brain tumors,

sarcomas, lymphomas, and leukemias

APC Familial adenomatous polyposis, colorectal, stomach, and

pancreatic carcinomas

BRCA1/2 Hereditary breast cancer
pleA Familial melanoma
From ref. (2)



FIGURE /.1. Schematic representation of the widely accepted model of cancer
initiation and progression.
Each step in the development is characterized by a mutational event, such as activation of

cellular proto-oncogenes or inactivation of tumor-suppressor genes. See text for more details



Metastatic tumor



or inactivation of tumor-suppressor genes can provide such a selective advantage. The first
mutational event in a single cell permits limited expansion of the progeny of that cell.
Subsequent mutational events give rise to new clonal outgrowths with greater proliferative
potential. Even after a malignant tumor is established, mutations continue to accumulate and
further promote proliferative capacity and invasiveness of the tumor (/, 3). Thus, the
initiation and progression of cancer is a multi-step process involving the accumulation of a
succession of genetic changes. The accumulation of these changes is believed to be the

driving force in the evolution of cancers.

iii) Factors contributing to mutational events in tumors
There are many factors that can contribute to the accumulation of mutations observed

during cancer development. These may be divided into 2 types: environmental and
biological factors. Environmental factors are usually extrinsic to human body and mainly
involve the chemical carcinogens many humans are exposed to, inhale or ingest (e.g.,
asbestos, tobacco smoke, arsenic, chromium, etc.). Based upon variations in populations,
approximately 50% of human cancer deaths have been shown to be associated with
environmental agents (predominantly cigarette smoking) (4).

Biological factors are usually intrinsic to the human body. These may be further
divided into 2 subtypes: internal and external factors. Internal factors refer to those
mechanisms of genetic instability that are intrinsic to the tumor cell itself (e.g., mutator
phenotype) or to a “normal” cell carrying a gene that predisposes to the development of
cancer. Some investigators have found the mutation frequency in malignant cells is
significantly higher than that of corresponding normal cells (/, 4). A prime example is the
“mutator phenotype” postulated by Loeb’s group (4). According to this model, a mutation in
a “mutator gene” (caused by environmental or other biological factors) early in the
development of cancer is responsible for the accumulation of subsequent mutations. Mutator
genes may include genes encoding DNA repair enzymes and genes affecting cell-cycle
check-points (e.g., p53), since mutations in these genes can predispose cells to accumulation
of further mutations. As a consequence of these mutations, an enhanced mutation frequency
is observed in some cancer cells compared to normal cells (4). However, mutations in
mutator genes do not always enhance the mutation frequency in tumor cells. Nor do all

tumor cells exhibit a high intrinsic mutation frequency compared to normal cells (/). This



suggests that the internal factors, on their own, may not explain the accumulation of

mutations in cancer development.
“External factors” are those mutagenic factors produced within our bodies that are

extrinsic to a tumor cell or to a normal cell destined to become a tumor cell. Although they
are not as well studied as internal factors, evidence for the involvement of external factors in
cancer development is building. Most prominent among these factors are i) reactive oxygen
species (ROS) and ii) nitric oxide (NO")-derived species. These species are released into the
extracellular microenvironments of tissues and tumors by various cell types, especially in
high amounts by inflammatory cells such as macrophages and neutrophils (see below).
Many types of ROS are capable of causing DNA damage and hence are potentially
mutagenic. As much as 1-4% of the oxygen (O2) metabolized by the body can form ROS
(5). Superoxide (O,"), one of the major ROS, is synthesized by specific enzymes such as
NADPH oxidase or xanthine oxidase (6) and under certain conditions by nitric oxide
synthases (7-9), but also occurs as unwanted by-products of normal metabolism (6). It can
spontaneously or enzymatically (by superoxide dismutase (SOD)) be converted into
hydrogen peroxide (H20:), which itself is a potentially damaging molecule and can form the
highly DNA-damaging hydroxyl radical (OH") (5). H0; is also used by the
myeloperoxidase-chloride system in inflammatory cells to release potentially DNA- and
protein-damaging hypochlorous acid (HOCI) (6). HOCI may further react with H;O; to
produce another ROS, singlet oxygen (!0,) (10) that is capable of inducing direct DNA
damage (5). NO' is another external factor that is also reactive and damaging. However,
when NO' reacts with molecular oxygen or ROS, it generates various types of reactive
nitrogen oxide species (NO,) that are significantly more reactive and damaging than ROS or
NO' themselves (see below) (5, 11-13). Over the last decade, these NO. species have
emerged as key factors in the pathology of many inflammatory disorders, including cancer.
Both ROS and NO, have been shown to possess many characteristics of carcinogens.
Mutagenesis caused by these species is believed to contribute to the initiation of cancer (13);

however, the mutagenic role of ROS/NO, in the later phases of cancer has not been well-

studied.



iv) NO'-derived reactive NO, species

Nitric oxide (NO") is a potent biological mediator that has triggered an explosion of
scientific studies over the last decade. Research in this field has identified diverse
physiological and patho-physiological roles for NO" as a vasodilator, neurotransmitter,

antimicrobial effector molecule and immunomodulator. Following its identification as an
endothelium-derived relaxing factor, NO' has been shown to be produced by such cell types
such as macrophages, neutrophils, endothelial cells, neurons, hepatocytes, fibroblasts,
epithelial cells, smooth muscle cells, cardiac myocytes and many more.

Biosynthesis of NO' is a result of five-electron oxidation of one of the chemically
equivalent guanidine nitrogens of L-arginine through the action of nitric oxide synthases
(NOS), forming the free radical NO" and a by-product L-citrulline (/4).

qu%uuz Hzn\(o
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L-arginine L-citrulline nitric oxide

Three distinct isoforms of the NOS enzymes have been isolated and represent the products of
three different genes. Two of the NOS enzymes, “neuronal NOS” (nNOS or NOS1) and
“endothelial NOS” (eNOS or NOS3) were originally identified to be constitutively expressed
and produce NO' at low amounts. Thus, the role of nNOS and eNOS was believed to be
involved in the physiological function of NO" such as neurotransmission and vasodilation,
respectively. The third NOS enzyme called the inducible or inflammatory NOS (iNOS or
NOS2) was identified to produce NO' in response to a stimulus, mainly inflammatory
stimuli, at high concentrations. Its role is believed to be involved in the pathophysiological
functions of NO' such as antimicrobial effect, cellular injury and immunomodulation.

However, recent studies have shown that NO' released from iNOS induction may also be



involved in physiological functions and that NO" released from nNOS or eNOS may be
involved in pathological functions (/5).

NO’ is a radical, contains an unpaired electron and can form a covalent link with
another molecule by sharing a pair of electrons. NO' can form nitroxyl anion (NO") by
accepting an electron or nitrosonium cation (NO") by donating an electron. In living
systems, NO™ can undergo spontaneous dimerization to form dinitrogen oxide (N20), or it
can react with sulfhydryl groups (resulting in their oxidation) or with metals. NO" is
involved in nitrosation reactions with nucleophilic groups such as sulfhydryl groups, amides,
carboxyls, hydroxyls, and aromatic rings (/6).

Physiological effects of NO and related species are, in most part, a result of the
modification of the functions of many enzymes and other proteins. One of the first
physiological role of NO" was identified as its ability to activate soluble guanylate cyclase in
vivo (17). The neurotransmission and vasodilation actions of NO" are largely mediated by
activation of guanylate cyclase after binding to its heme-group (/8). Stimulation of
guanylate cyclase leads to the synthesis of the biologically important second messenger,
cyclic guanosine monophosphate (cGMP) and subsequent activation of cGMP-dependent
kinases in responder cells. However, research over the last few years has identified
physiological roles of NO' that are independent of cGMP (15, 19, 20). The majority of these
involve the formation of S-nitrosothiols (RSNO) as a result of reaction between free
sulfhydryl-containing molecules (RSH) and NO. species. In proteins, reactive sulfhydryl
groups are becoming regarded as a major intracellular target of NO.. This post-translational
modification has been shown to affect the activity of many important regulatory proteins,
such as p21™, N-methyl-D-aspartate receptor, caspases, c-src and nuclear factor-xB (20, 21).
This type of protein modification is increasingly becoming recognized as a ubiquitous
regulatory reaction comparable to protein phosphorylation (20). In fact, RSNO may be
responsible for some of the well-documented physiological processes that had been
previously attributed to NO' itself, including activation of guanylate cyclase (/9).

Pathological effects of NO® are mostly due to the deleterious NO, species formed by
the reaction of NO' with O,, O™~ or other ROS (5, /1-13, 22). NO’ can react with O; to form
a powerful nitrosating agent nitrous anhydride (N;0s). This is thought to be a more reactive
and damaging species than NO' itself. The chemistry of N>Os has been extensively studied,



and its reaction with many compounds is known. It may form tertiary species, reacting with
amines to form nitrosamines, or with sulfhydryl groups to form RSNO. N,O; can also
directly nitrosate the primary amines on DNA bases, ultimately leading to deamination. Any
DNA base containing an exocyclic amino group can undergo deamination upon reaction with
N>O;. Therefore, adenine, cytosine, 5-methylcytosine, and guanine can all be deaminated to
form hypoxanthine, uracil, thymine and xanthine, respectively (//, 22). As a consequence of
these changes, point mutations may be induced in a cell by NO'-related species. In addition,
the ability of NO’-derived species to induce large-scale mutations was also recently reported
in mammalian cells (23).

Reaction of NO® with O, ™ rapidly produces peroxynitrite (ONOQ"), which is
considered one of the most potent of the NO, species involved in mediating cellular and
tissue injury (24, 25). Formation of ONOO' is an extremely fast reaction due to the fact that
both species are radicals. The reaction, depending upon the relative concentrations of 0>~
and NO’, can be 3.5 times faster than the decomposition of 0>~ by SOD (/7). ONOO" is
highly reactive at physiological pH, but when protonated it forms peroxynitrous acid that is a
powerful oxidant with properties close to OH. ONOO™ has been shown to cause single
strand breaks in DNA in vitro (11). In addition, ONOO™ can directly damage DNA bases,
but unlike N>Os3 (which can react with adenine, guanine, and cytosine), ONOO™ appears to
significantly react only with guanine. Two main types of chemistries are attributed to
ONOQO", namely oxidations and nitrations. Thus, two main products have been identified
from the reaction of ONOO™ with deoxyguanosine (dG), namely 8-hydroxy-2’-
deoxyguanosine (8-ox0-dG) and 8-nitro-2’-deoxyguanosine (8-nitro-dG) (/7). 8-0xo0-dG has
long been regarded as a biomarker for monitoring DNA damage in studies involving various
ROS and ONOO", and its role in mutagenesis and carcinogenesis has been widely
investigated. Several studies have shown a correlation between the formation of 8-0xo-dG
and carcinogenesis. 8-nitro-dG was recently described and provides an attractive biomarker
for detecting ONOO "-specific DNA damage, as nitration of DNA bases cannot be attributed
to any other known types of damaging agents (26).

ONOQO  is also involved in the oxidation and nitration of protein residues (such as,

cysteine, tyrosine, methionine and other amino acids) (/2). The main reaction of ONOO™
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with sulthydryl groups of cysteine is an oxidation leading to disulfide formation, this being
one of the mechanism of ONOO™-mediated inactivation of various enzymes (including
creatine kinase, a-1-antiproteinase, succinate dehydrogenase and fumarate reductase). The

reaction between ONOO™ and cysteine groups, such as in protein or glutathione, can also
lead to RSNO and RSNO: formation, especially in the presence of CO;. The most widely
studied reaction of ONOO™ is with tyrosine residues in proteins leading to the formation of
nitrotyrosine and di-tyrosine, as well as hydroxylated ring products (24, 25). The presence
of nitrotyrosine-containing proteins in biological samples is extensively used as a molecular
marker of reactive NO, production in a tissue (27). Evidence for the role of ONOO™ in vivo
is largely dependent upon the detection of nitrotyrosine in injured tissues. However,
nitrotyrosine formation is not specific for ONOO™. Nitrite (NO; "), a major end-product of
NO’ metabolism, is converted by myeloperoxidase-catalyzed reactions into nitrogen dioxide
(NO5) and nitryl chloride (NO-Cl) that readily promote tyrosine nitration in a reaction
independent of ONOO™ (28). Formation of nitrotyrosine residues in proteins can also alter
function of some proteins (29-33), which may have both physiological and pathological
significance.

Thus, the chemistry of NO' is extremely complex due to the large number of
chemical species formed and the numerous parallel reactions to consider. On one hand, NO'-
derived species can have physiological functions, such a vasodilation and neurotransmission.
On the other hand, they can be pathological, as they are also capable of modifying/damaging
DNA and proteins, as well as lipids. The ultimate effect of in NO" a tissue depends upon the

“nearby” reactive molecules.

v) Inflammation and cancer: Inflammatory cells are a source of ROS/NO.,

A number of human cancers arise after a history of chronic inflammation. In fact,
chronic inflammatory diseases may be a primary factor in the development of up to one-third
of all human cancers (34). Diverse sources of inflammation may be effective including those
caused by bacterial, viral and parasitic infections (Table 1.3). Another major example of
association of inflammation with cancer is in patients with inflammatory bowel disease, a
series of chronic inflammatory disease of gastointenstinal tract (/3). These include
ulcerative colitis and Crohn’s disease. In the case of ulcerative colitis, 20-50% of patients

with inflammation of 8 years or longer develop colonic cancer during their lifetime (4).
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TABLE 1.3: Partial list of cancers that are believed to arise as a result of various infections.

Infection Cancer

Helicobacter pylori Gastric (chronic gastritis/ulcer)
Bacterial  Salmonella typhi, Gallbladder cancer, pancreatic cancer

S. paratyphi A, B

Hepatitis virus Hepatoma (chronic hepatitis/cirrhosis)

Type B and type C

Herpes simplex virus Cervical cancer (recurrent infections)
Viral type II

Epstein-Barr virus Gastric cancer, nasopharyngeal cancer (Burkitt

lymphoma)

Papilloma viruses Cervical cancer

Opisthorchis viverrini Cholangiocarcinoma (cholangiofibrosis)
Parasitic ~ Schistosoma Bladder cancer, hepatoma

haematobium
From ref. (35).
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The mechanism of inflammation-mediated cancer is believed to involve ROS and
NOx. Epidemiological studies have shown solid evidence of a link between formation of
ROS/NOx in tissue and carcinogenesis in the cases of ulcerative colitis, /. pylori and other
infections (hepatitis B, HSV II, EBV, O. viverrini) (35). The presence of protein
nitrotyrosine has been reported in inflammatory disorders such as H. pylori infection,
Crohn’s disease, ulcerative colitis, Wegener's granulomatosis, cystic fibrosis, asthma,
obliterative bronchiolitis and rheumatoid arthritis (25, 29, 36-41). In addition, the level of
protein nitrotyrosine has been found to correlate with the severity of inflammatory diseases
(42-44).

Inflammatory cells such as neutrophils and macrophages can generate a large amount
of ROS/NO,, especially at the site of inflammation. Neutrophils are the first to arrive in
large numbers at these sites, with other leukocytes being recruited later. Once neutrophils
reach these sites, they are stimulated by cytokines to release (i) large amounts of ROS in a
process termed “respiratory burst” and (ii) their granule contents (degranulation) (6). The
respiratory burst first involves the assembly and activation of an enzymatic complex called
NADH oxidase. This complex is able to generate O>, which can spontaneously or
enzymatically (by SOD) be converted into HO,. This can subsequently release the highly
reactive OH". However, the evidence for the formation of OH’ in vivo is weak. The
degranulation process involves the release of microbicidal molecules that are packed within
the azurophilic granules of neutrophils. These include myeloperoxidase, serine proteases and
antibiotic proteins (6). Myeloperoxidase is a neutrophil-specific enzyme and is also capable
of generating ROS, as well as certain NO, species. Myeloperoxidase-chloride system uses
H;0; to generate HOCI, which may further react with H,O; to produce another mutagenic
and cytotoxic ROS, singlet oxygen ('0,). Myeloperoxidase can also use nitrite (NO27), a
major end-product of NO, metabolism, to produce NO," and NO,Cl, which readily promote
nitrotyrosine formation (28). Macrophages are capable of producing large amounts of NO" at
the sites of inflammation, as a result of the induction of iNOS. These amounts contribute to
the microbicidal activity of macrophages (6). Although mouse neutrophils can also produce
large amounts of NO" via iNOS, human neutrophils do not appear to contain iNOS (6). In
addition, the microbicidal role of NO" in human neutrophils is controversial. These cells,

however, do produce small amounts of NO’, due to the presence of a “constitutive” NOS. In
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addition, recent studies have shown that NO’ released from constitutive NOS may also be
involved in pathological functions (/5). As discussed above, simultaneous release of ROS
and NO’ can lead to the formation of a significantly more damaging NO species, such as
ONOO". It has been reported that all 3 isoforms of NOS produce both NO"and O,
simultaneously under certain conditions, especially when the substrate arginine is deficient
(7-9). However, there is no evidence, so far, showing that ONOO" is also formed in vivo by
NOS. Thus, in mice, neutrophils-alone are capable of simultaneously releasing both ROS
and NO" while, in humans, presence of both macrophages and neutrophils may be required.

Several groups have postulated that inflammation is the initiating factor in the
development of many cancers (4, /3). It is believed that the potentially mutagenic ROS/NOx
released by inflammatory cells into the microenvironment of an inflamed tissue can lead to
the induction of mutations. This is believed to contribute to the initiation of cancer.
However, the potentially mutagenic role of ROS/NO in the progression of cancer is not
widely appreciated, even though the accumulation of mutations is believed 1o also play an
important role in the later phases of cancer development.

Many solid tumors in humans are infiltrated with inflammatory cells, such as
neutrophils and macrophages (Fig. I.2). Some of these include pulmonary adenocarcinoma,
glioma, lymphoma, gastric carcinoma, melanoma, breast carcinoma and colorectal and
prostate cancers (45-59). In many cases, the level of infiltration has been correlated with
parameters associated with tumor progression. In addition, ROS/NO, are known to be
present in the tumor microenvironment. For example, protein nitrotyrosine has been
detected in some tumors (60-63), and a high level of nitrotyrosine correlates with poor
outcome in melanoma patients (64). We and others have proposed that mutagenic ROS/NOx
generated by tumor-infiltrating inflammatory cells are in some measure responsible for
contributing to the accumulation of mutations observed throughout tumor progression (63-
68).

vi) Enzymatic and non-enzymatic antioxidant systems

Antioxidants are an integral part of our defenses against reactive species. Biological
antioxidants are scavengers of ROS/NOx and include both enzymatic scavengers (e.g., SOD.
catalase, glutathione peroxidase, glutathione reductase, formaldehyde dehydrogenase) and

non-enzymatic scavengers (€.g., glutathione, vitamin E and C, uric acid). Most tissues can
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FIGURE /.2. Inflammatory cell infiltration in solid tumors.

A) Schematic representation of a tumor infiltrated with inflammatory cells, mainly
neutrophils and macrophages. B) A mechanism of inflammatory cell infiltration in a solid
tumor. A rapidly growing tumor may consist of malignant cells as well as host cells (e.g.,
endothelial cells, fibroblasts). In some tumors these cells may directly release chemokines
(e.g., interleukin-8) leading to recruitment of inflammatory cells. Most solid tumors have
poorly developed microvasculature. It has been proposed that poor microvasculature of
rapidly growing tumors fosters hypoxia, necrosis, and microthrombi (69, 70). These
conditions can induce the nearby cells (e.g., tumor cells, endothelial cells) to generate
chemotactic factors, promoting the infiltration of inflammatory cells. The recruited
inflammatory cells may also release more chemotactic factors. In addition, products of

inflammatory cells may cause damage to the tumor microvasculature and promote this cycle

of events.
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tolerate mild levels of ROS/NO., which often leads to the induction of defense systems.
However, when generation of ROS/NO, exceeds the capacity of antioxidants to scavenge
them, tissue become vulnerable to damage leading to cell death and/or damage to DNA,
lipids and proteins. There is abundant evidence both in vitro and in vivo that antioxidants
protect against damage by ROS/NO. and that depletion or low levels of antioxidants
sensitizes towards the damage.

Glutathione (GSH) is an important component of cellular defenses against oxidants
and xenobiotics (77). Intracellular GSH can be readily depleted using L-buthionine-(S, R)-
sulfoximine, a drug that is a highly specific inhibitor of y-glutamylcysteine synthetase.
Depletion of cellular GSH has been shown to sensitize many cells to killing by various NO,
species (72-76). However, the mechanism of NO.-mediated mutagenicity is not well
understood. Our laboratory was the first to demonstrate the involvement of GSH in NO,-
mediated mutagenicity using the Mutatect cells in vitro (see below). Contrary to expectation,
GSH was found to be pro-mutagenic, as it was actually associated with the induction of
NO.-mediated mutagenicity (77).

GSH is involved in both enzymatic and non-enzymatic ROS/NO.-scavenging
reactions. In enzymatic reactions, GSH usually acts as a cofactor for such enzymes as
glutathione peroxidase (GPx, a selenium-containing enzyme), glutathione S-transferase or
formaldehyde dehydrogenase (FDH). For example, GPx can detoxify H,0; in cells by
oxidizing GSH (78).

GPx
H,0, + 2GSH — > GSSG + 2H,0
GSSG is then reduced to regenerate GSH by another important enzyme called glutathione
reductase (GR) in the presence of NADPH (79).

GSSG + NADPH + HY ———> 2GSH + NADP*
These enzymes play an important role in scavenging ROS during oxidative damage. GSH
also plays a key role in the FDH-catalyzed detoxification of formaldehyde (80-85), a
cytotoxic and mutagenic species (86, 87). Humans are ubiquitously exposed to
formaldehyde from exogenous sources, €.g., automotive emission, tobacco smoke, tissue
fixatives, food and cosmetic preservatives and certain dental materials; in addition,

formaldehyde is generated in cells by endogenous reactions e.g, demethylation reactions
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involving serine and glycine metabolism (86). GSH readily reacts non-enzymatically with
formaldehyde (CH:O) to form S-hydroxymethyiglutathione (GSCH,OH), which is
enzymatically oxidized into less toxic S-formylglutathione (GSCHO) by FDH.

GSH + CH,0 ——>  GSCH,OH
FDH
GSCH,OH + 2NAD' ——> GSCHO + 2NADH + 2H"

The GSCHO is further detoxified by the enzyme S-formylglutathione hydrolase into carbon
dioxide.

In non-enzymatic reactions, GSH directly reacts with various ROS or NO. to produce
less reactive species. For example, due to high selective reactivity of sulfhydryl groups
towards NO, (88), GSH readily reacts with many NO, species to produce less reactive S-
nitrosoglutathione (GSNO) (/9, 89). GSNO was recently described to be rapidly detoxified
in cells by FDH (90). The detoxification of GSNO by FDH is dependent upon the presence
of NADH as well as GSH.

FDH
GSNO + GSH + 2NADH + 2H* —— > GSSG + NH; + 2NAD" + H,0

Thus, the presence of this GSNO-eliminating activity in FDH is believed to play an
important role in detoxification of NO in cells (90).

Vitamin E is the most important non-enzymatic antioxidant in the prevention of
cellular injury associated with ROS/NO, (91, 92). Different forms of vitamin E are found in
vegetable oils, nuts, wheat germ and grains of which D-a-tocopherol is considered to be the
major biologically active form. Tocopherols are lipophilic molecules that have affinity for
phospholipids in the plasma membranes, mitrochondria and endoplasmic reticulum where
they tend to concentrate and act as chain-breaking radical scavengers (93). The antioxidant
activity of vitamin E has persuaded many groups to study its ability to prevent chronic
diseases especially those believed to have oxidative stress (associated with ROS/NO,) such
as cardiovascular diseases, atherosclerosis, neurological disorders and cancer. Dietary
supplements of vitamin E (in the form of D-a-tocopherol ester) have been shown to be
significantly protective against cardiovascular diseases and atherosclerosis in humans and

animals. In addition, overt vitamin E deficiency (occurring as a result of genetic
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abnormalities in a-tocopherol transfer protein or as a result of various fat malabsorption
syndromes) is associated with various neurological disorders and can be restored by vitamin
E supplementation. Dietary supplements of vitamin E are widely self-administered in the
belief that they can protect against cancer. However, clinical trials of vitamin E supplements
or studies of disease risk associated with serum vitamin E levels have failed to show any
consistently strong anticancer effect (94-/04). An exception appears to be prostate cancer,

where there is mounting evidence that vitamin E and other antioxidant micronutrients may be

protective (100, 104-106).

b) Overall hypotheses

Overall hypothesis of our laboratory has been that inflammatory cells, which
frequently infiltrate solid human tumors, are capable of generating ROS/NO, that can induce
mutations in tumor cells. We believe that this mutagenicity contributes to the accumulation
of mutations observed throughout in tumor progression and can be reduced by various

antioxidant systems.

¢) The Mutatect system: an in vitro—in vivo—ex vivo mouse tumor model
The Mutatect' mouse model was developed in our laboratory to address the
mutagenic role of factors present in the tumor microenvironment (66). The model permits
detection of mutations arising in tumor cells in vivo from these factors at the hypoxanthine
phosphoribosyltransferase (hprt) gene. Mutations at this locus are used as a non-selective
surrogate marker of mutations occurring elsewhere in the genome. In Mutatect model, in
vitro-growing Mutatect tumor cells are subcutaneously injected into syngeneic C57BL/6
mice, where they form a 1-cm tumor within 2-3 weeks (Fig. /.3). The tumor is removed,
lightly homogenized, and tumor cells are recovered and examined ex vivo for hprt mutations
that arose in vivo. The tumor may also be used for studying the presence of inflammatory
cell-infiltrates, generation of ROS/NO,, and other parameters to address our hypothesis.

! Mutatect stands for “Mutation detect”
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FIGURE 1.3. Mutatect mouse tumor model
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Mutatect cells were derived from a fibrosarcoma that was originally induced in a
male C57BL mouse by a carcinogen methyicholanthrene (66). Cells were established in
culture and genetically manipulated to develop a heterozygous hprt gene, suitable for
sensitive detection of mutants. Mutations in this gene can be readily scored in a clonogenic
assay because mutant cells are resistant to killing by cytotoxic drug, 6-thioguanine. The
assay is capable of detecting as few as one Aprt mutant cell in every 10° hprt wild-type cells.
Mutatect cells have an aneuploid karyotype, typical of malignant cells. In particular, they
have 3 copies of X chromosomes, even though the cells were derived from a male mouse. In
the original Mutatect cell lines, all 3 X chromosomes appeared to be active, and it was
therefore necessary to inactivate 2 copies of X-linked Aprt locus. This created a
heterozygous hprt gene (-/—/+) in a Mutatect cell line called MC17-51 2. Mutatect cells are
sensitive to detection of Aprt mutations because of the heterozygous state of the gene.

Mutant cells in which large section of the genome is deleted, including a neighboring
essential gene, will be viable because of the second or third copy of the essential gene on the
remaining chromosome(s). Thus, the heterozygous gene permits detection of not only small,
single-base mutations (or nucleotide sequence abnormalities) but also large, multi-locus
deletion mutations (or chromosomal abnormalities). Both types of mutations are observed in
human cancers (see section i above). The Mutatect MC17-51 cells were further manipulated
into MN-11 cells by introducing a neomycin resistance gene (66). This allowed them to be
distinguished from the host cells and more accurately quantify the levels of 4prt mutation

induced in Mutatect cells.
Several important findings have been observed by our laboratory using the Mutatect

mouse model. The seminal observation was that tumor cells grown in vivo had a mean of 4-
fold higher hprt mutation frequency than the same cells grown in vitro (66). This was the
first direct quantitative evidence that the tumor microenvironment could indeed be
mutagenic. This increase in mutation frequency has been a main focus in our laboratory,
including work presented in this thesis. Although a mean of 4-fold higher mutation
frequency was seen, a large variability among tumors was also seen; some showed no
increase and some showed as high as 30-fold increase. When Mutatect tumors were

examined histologically, frequent infiltration of inflammatory cells was observed (70). The

2 Originally referred to as MC-TGS-17-51
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most prominent of these cells was neutrophils, although presence of macrophages and
lymphocytes was also sometimes observed. The extent of neutrophil infiltration was also
observed to be variable among tumors. Microscopic counting of the neutrophils
demonstrated a strong correlation between the number of neutrophils and Aprt mutation
frequency (70). Further examination showed that the neutrophils stained positively for INOS
(70), a source of NO’ and related oxidants. In addition, there was a correlation between NOS
activity and the Aprt mutation frequency (70). Furthermore, the tumor cells stained
positively for nitrotyrosine (70), a marker of NO.. These results implicated a possible
involvement of neutrophils and NO, in the high Aprt mutation frequency in vivo. To
demonstrate that the neutrophils are in fact capable of inducing mutations, our laboratory
attempted to increase the level of neutrophils in tumors. Interleukin-8 protein, a chemokine
of neutrophils, was directly injected into established Mutatect tumors (70). This led to a
significant increase in the neutrophil infiltration but only in 8 out of 36 (22%) of the
interleukin-8-injected tumors (70). This was likely due to inconsistencies associated with
interleukin-8 injections. Our laboratory has also shown that NO,-donating drugs glyceryl
trinitrate and molsidomine can induce a high Aprt mutation frequency when administrated to
tumor-bearing animals (/07). The effect of supplementing diets of tumor-bearing mice with
vitamin E was also previously tested. A 25% reduction in the Aprt mutation frequency in
vivo was found in MN-11 tumors (/07). This suggested a possible involvement of ROS/NO.
in the in vivo-arising mutagenicity. Thus, the Mutatect mouse model has been useful in
implicating the role of tumor-infiltrating neutrophils and NO, in the in vivo-arising
mutagenicity.

The Mutatect system has also been useful in understanding the mechanism of NO,-
mediated mutagenicity (as well as cytotoxicity) in cultured cells. This is due to the high
sensitivity of Mutatect cells to detection of Aprt mutations. Mutagenicity and cytotoxicity of
various ROS and NO, species was previously described in Mutatect MN-11 cells in vitro
(108). The NO, donors glyceryl trinitrate and sodium nitroprusside were shown to induce
high Aprt mutation frequency in these cells. In addition, our laboratory was the first to
demonstrate the involvement of GSH in NO,-mediated mutagenicity using the Mutatect cells
in vitro (77). Mutatect cells were first treated with L-buthionine-(S. R)-sulfoximine to deplete

the intracellular GSH levels and then exposed to either sodium nitroprusside or glyceryl
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trinitrate, to examine Aprt mutation frequency. Although it was anticipated that the lack of
GSH in cells would enhance the mutagenicity induced by the NO. drugs, the opposite effect
was observed. Depletion of GSH largely prevented the induction of hprt mutations by NO.-
donating drugs. A trivial explanation that the lack of GSH prevented bioactivation of these
drugs was ruled out by showing that it had little effect on the accumulation of nitrite (NO;"),
a stable byproduct and one of a surrogate of NO, production. Thus, this suggested that GSH
is actually required for the induction of NO,-mediated mutagenicity. To explain this, it was
postulated that GSH reacts with NO, to form GSNO that acts as a carrier of NO, from
cytoplasm to nucleus, liberating mutagenic species within the vicinity of DNA; when GSH
levels are depleted, GSNO is not formed and mutations are not induced.

Many questions still needed to be answered to understand the roles and mechanisms
of tumor-infiltrating neutrophils and reactive oxidants in relation to mutagenicity in Mutatect
tumors. For example, could we consistently attract a high number of neutrophils into the
tumors using interleukin-8? Are the tumor-infiltrating neutrophils, in fact, capable of
inducing mutations in tumor cells? Are neutrophils inducing damage via NO, in tumor
cells? Is dietary vitamin E lowering the in vivo-arising hprt mutation frequency by
scavenging NO, species? Does GSH play a role as a transporter of NO, species in the
process of NO,-mediated mutagenicity? These were some of the major questions that were
addressed in this thesis. While attempting to answer them, several novel findings were also

made.

d) Specific hypotheses
Based upon our overall hypothesis and the previous results obtained using the

Mutatect system, the following hypotheses were proposed for the thesis:

(1) A high number of neutrophils could be consistently attracted into Mutatect tumors if the
tumors themselves are a source of interleukin-8, i.e., if the tumors are established by
interleukin-8-producing cell lines.

(2) Tumor infiltrating neutrophils can induce mutations in Mutatect tumors.

(3) The level of protein nitrotyrosine would be higher in tumors with a high level of
neutrophil infiltration, and the type of protein being nitrated might give us information

into the mechanism of NO.-mediated damage.
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(4) Dietary vitamin E would inhibit Aprr mutation frequency and NO, levels (estimated by
nitrotyrosine) without affecting iNOS levels and neutrophil infiltration in Mutatect
tumors.

(5) The pro-mutagenic role of GSH involves the formation of intracellular GSNO, which
acts as a carrier of NO, in the Mutatect cells. The cells with high levels of GSH will
have high levels of NO.-mediated mutagenicity, while cells with low levels of GSH will

have low levels of mutagenicity.

e) Specific objectives

To address the above hypotheses, our initial objectives were the followings:

(1) To develop interleukin-8-producing Mutatect cell lines and demonstrate that they can still
form tumors in C57BL/6 mice

(2) To quantitatively measure neutrophil content in interleukin-8-producing Mutatect tumors

(3) To measure hprt mutation frequency in interleukin-8-producing Mutatect tumors and
demonstrate a correlation with neutrophil content

(4) To compare the level of protein nitrotyrosine in interleukin-8-producing Mutatect tumors
with non-producing tumors, and identify any prominent nitrated proteins by mass
spectrometry

(5) To examine the effects of vitamin E on Aprt mutation frequency, neutrophil content,
nitrotyrosine and iNOS levels in interleukin-8-producing Mutatect tumors

(6) To genetically manipulate (down-regulate or up-regulate) GSH levels in Mutatect cells
and examine the effect of NO,-mediated mutagenicity (and cytotoxicity) in these cells

(7) To measure intracellular formation of GSNO after exposure to NO-donors in Mutatect

cells

f) Expected significance

Most of human tumors exhibit genetic instability, a feature characterized by
accumulation of mutations. Over the last few decades, the sequence of events comprising
cancer initiation and progression has been systematically unraveled, and it is now believed
that multiple mutations are required to convert a normal cell into a malignant and a

metastatic cell. Up to one-third of human cancers arise on a history of chronic inflammation,
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and it is believed that inflammatory cell-derived mutagenic ROS/NO, are involved in initial
processes of cancer development. However, many types of solid tumors are also infiltrated
with inflammatory cells, and the level of infiltration has been correlated with several
parameters associated with tumor progression. Mutagenicity induced in solid tumors by
inflammatory cell-derived factors has not been previously reported. Results presented in
this thesis are expected to more directly support a role of tumor-infiltrating inflammatory
cells and factors derived from these cells in genetic instability. The results are also expected
to contribute towards understanding the mechanisms of NO.-mediated genetic instability.
Interleukin-8-secreting Mutatect cell lines are expected to produce tumors with a
consistently high level of neutrophils and consequently a high Aprt mutation frequency. This
is expected to directly demonstrate that neutrophils can induce genetic instability in tumors.
It should also demonstrate associations among neutrophils, ROS/NO.-damage (nitrotyrosine
levels) and genetic instability. The long-term objective of these tumors is to study the effect
of various dietary antioxidants (e.g., vitamin E) on genetic instability. Furthermore,
examining the correlation between nitrotyrosine levels and mutation frequency in Mutatect
model will help to establish its value as a surrogate marker for genetic damage in human
tumor samples. Manipulation of GSH levels, and measurement of intracellular RSNO,

should be useful in understanding the mechanisms of NO,-mediated genetic instability.
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Chapter 1. Construction of interleukin-8-secreting Mutatect cell
lines and demonstration of their tumorigenicity
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1.1. Chapter Summary

Mutatect cells are subcutaneously tumorigenic in syngeneic C57BL/6 mice since they
grow into relatively large tumors within 3 weeks. To study the role of infiltrating neutrophils
in tumors, our laboratory previously attempted to increase the levels of neutrophils by direct
intratumoral injection of interleukin-8 protein, the most potent chemoattractant for
neutrophils. However, these injections were not able to consistently chemoattract
neutrophils. To provide a consistent source of interleukin-8 in tumors, interleukin-8-
secreting M- utatect cell lines were developed. This chapter describes in detail the
development of constitutive and tetracycline-regulatable interleukin-8-secreting cell lines
and reports on their tumorigenicity. An interleukin-8 cDNA capable of expressing
biologically active interleukin-8 protein was used as a starting point. One stable cell line,
MIL-4, with high constitutive expression was isolated. MIL-4 cells produced very small,
slow-growing subcutaneous tumors in C57BL/6 mice compared to non-interleukin-8-
expressing controls. To address whether the lack of tumorigenicity was due to interleukin-8
expressior.. mixtures of MIL-4 and control cells were examined for tumorigenicity. Presence
of MIL-4 cells in the mixture was found to be inhibitory to control cells in the tumors but not
in culture. This suggested that factors, dependent upon the concentration of interleukin-8, in
the tumor microenvironment are responsible for the lack of the tumorigenicity. Four stable
Mutatect cell lines (TM-3, TM-7, TM-28, TM-34) with tetracycline-regulatable interleukin-8
expression were also developed. Level of interleukin-8 expression was high in TM-7 cells,
low in TM-3 and TM-34 cells, and intermediate in TM-28 cells. Similar to MIL-4 cells, the
TM-7 cells produced small, slow-growing tumors compared to lower expressors and non-
expressors. Thus, tumorigenicity of interleukin-8-secreting Mutatect cells depends upon the
level of interleukin-8 being secreted. Cell secreting very high levels produce very small

tumors, whereas cells secreting lower levels produce large tumors. Level of neutrophil

infiltration in these tumors is reported in chapter 3.

26



1.2. Introduction

Interleukin-8 (also known as neutrophil activating protein-1) is a pro-inflammatory
chemokine (chemotactic cytokine) and one of the most potent chemo-attractant for
neutrophils. It is expressed as a 99 amino acid protein that is secreted from cells after
cleavage of a leader sequence of 27 residues. Interleukin-8 belongs to the CXC?> family of
chemokines, which includes neutrophil activating protein-2, growth-related cytokines o,
and v, and granulocyte chemotactic protein-2. These chemokines also act mainly upon
neutrophils. A wide variety of cell types, including fibroblasts, endothelial cells, epithelial
cells, monocytes, T lymphocytes and neutrophils can express interleukin-8. Expression of
interleukin-8 usually occurs in response to injury of a tissue or infection by a pathogen and
results in recruitment of neutrophils to that site. Specificity for neutrophils is a result of
interleukin-8 binding to, and stimulation of, interleukin-8 receptors (CXCR-1 and -2), which
are present predominantly on neutrophils. Neutrophils migrate along a concentration
gradient of interleukin-8 and accumulate at the location of elevated concentration.
Interlev" . -3 is amongst the first of a set of cytokines that are produced in response to injury
or infection. Thus, neutrophils are the first to arrive in large numbers at these sites, with
other leukocytes being recruited later. Once neutrophils reach these sites, they are activated
(by interleukin-8 or other cytokines) to produce a “respiratory burst” that generates cytotoxic
and genotoxic species (e.g., 0, ) and to release their stored lysosomal contents. This
contributes to both host defense and tissue destruction and leads to pus formation seen in
local sites of infection. Thus, interleukin-8 acts as one of the early mediators of
inflammation by recruiting neutrophils to a site of tissue injury or infection by a pathogen.

Interleukin-8 also behaves as an angiogenic factor. It directly induces proliferation
and chemotactic activities of endothelial cell in vitro, and angiogenesis in vivo in the absence
of preceding inflammation (/09). Angiogenic activity appears to be distinct from its ability
to induce inflammation.

Persistent expression of interleukin-8 has been reported in many types of
inflammatory disorders. These include Helicobacter pylori infection, Crohn’s disease,
ulcerative colitis, rheumatoid arthritis and various types of lung-related inflammatory

diseases. In addition, interleukin-8 is also present in many types of human tumors, including

} CXC corresponds to first 2 cysteine residues separated by an amino acid.
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melanoma (/10, 111), non-small-cell lung tumors (/12), bronchioloalveolar carcinoma (46),
head and neck squamous carcinoma (//3), gastric carcinomas (//4), colon carcinoma (/ 13),
mesothelioma (//6), and various glioblastoma (//7, 118). In many of these diseases,
interleukin-8 expression has been associated with a high level of neutrophil infiltration and
increased vascularization, and in some cases with poor prognosis of the disease (46, /13,
114).

Interleukin-8 also has strong chemotactic activity for neutrophils from other species,
including mouse, rat and monkey (//9, 120). This characteristic has been utilized to explore
the effect of interleukin-8 expression in several animal tumor models. However, paradoxical
effects of interleukin-8 expression are seen. In some models, interleukin-8 secretion has
been shown to be anti-tumorigenic. For example, interleukin-8 expression by Chinese
hamster ovary cells in a nude mouse tumor model was shown to decrease subcutaneous
tumorigenicity (/2/). Lack of tumorigenicity is usually associated with extensive infiltration
of neutrophils (/21, 122), which are known to generate cytotoxic factors (see General
Introduction). However, in one case, an anti-tumorigenic effect independent of neutrophils
was also observed to be associated with interleukin-8 expression (/23). In other animal
models, interleukin-8 expression was found to be pro-tumorigenic (/24-126). For example,
in human gastric carcinoma TMK-1 cells grown at an orthotopic site in nude mice,
interleukin-8 expression from the cells produced rapidly growing and highly vascular tumors
in the gastric wall (124). Thus, expression of interleukin-8 can either have anti- or pro-
tumorigenic effects depending upon the animal model used or for other unidentified reasons.

Our laboratory has previously established the Mutatect tumor model as an
experimental paradigm to study the effects of neutrophil-derived cytotoxic and mutagenic
species on genetic instability in tumors (see General Introduction). The model consists of
mouse fibrosarcoma cell lines that are subcutaneously tumorigenic in syngeneic CS7BL/6
mice; they can grow into 1-cm tumors within 2-3 weeks after injection of 5 x 10° cells. The
formation of relatively large tumors allows analysis of multiple parameters, including
measurement of Aprt mutation frequency and inflammatory cell content. Mutatect tumors
are frequently infiltrated with host cells, most prominent of which are neutrophils (70). To
study the effect of these tumor-infiltrating neutrophils on genetic instability, our laboratory

initially attempted to increase the number of neutrophils in tumors. Interleukin-8 protein
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was directly injected into established Mutatect tumors. This led to a significant increase in
the neutrophil infiltration but only in 22% of the interleukin-8-injected tumors (i.e., 8 out of
36) (70). This was likely due to inconsistencies associated with interleukin-8 injections. In
order to consistently attract a high number of neutrophils and provide a more biologically
meaningful source of intratumoral interleukin-8, we set out to develop Mutatect cells that
would be able to generate interleukin-8. Since it was believed that high level of interleukin-8
expression might lead to neutrophil-mediated anti-tumor effects, regulatable cell lines were
also developed to reduce the high-level neutrophil recruitment. This chapter describes in
detail the development of constitutive and tetracycline-regulatable interleukin-8-secreting
cell lines and reports on their growth characteristics as subcutaneous tumors. The effect of
interleukin-8 expression on neutrophil infiltration and genetic instability will be reported in

chapter 3.

1.3. Hypotheses

The overall hypothesis was that neutrophils could be more consistently attracted into
Mutatect tumors if the tumors themselves produce the chemokine interleukin-8, i.e., if the
tumors are established by interleukin-8-producing Mutatect cell lines. However, the ability
of these cell lines to form tumors (i.e., their tumorigenicity) would depend upon the
concentration of interleukin-8 in the tumors. On one hand, very high levels of interleukin-8
may disrupt the formation of interleukin-8 concentration gradient, which is crucial in the
directionality of neutrophil recruitment. On the other hand, high-level of uncontrollable
production of interleukin-8 from Mutatect cells at the time of transplantation into mice may
lead to extensive neutrophil-mediated cytotoxicity and inhibition of tumor establishment.

However, if interleukin-8 production is very low, neutrophils may not be consistently

chemoattracted.

1.4. Objectives and expected results
The overall objective was to develop interleukin-8-producing Mutatect cells and
identify a cell line that is capable of both (i) forming large subcutaneous tumors (~1 cm

diameter or > 50 mm?®) in mice and (ji) consistently recruiting a high number of neutrophils
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into tumors. The latter would be examined in chapter 3. The specific objectives addressed

in this chapter are as follows:

1.
2.

L.S.

To create a plasmid construct that expresses biologically active interleukin-8 protein.
To develop Mutatect cells that constitutively secrete interleukin-8 by stably
transfecting the interleukin-8-expressing construct. It was expected that clones
secreting high, low and intermediate levels of interleukin-8 would be isolated.

To demonstrate tumorigenicity of constitutive interleukin-8-secreting Mutatect cells
in syngeneic C57BL/6 mice. It was expected that constitutively excessive
interleukin-8 expression at the time of tumor inoculation may result in early
neutrophil-mediated cytotoxicity.

To demonstrate tumorigenicity of mixtures of constitutive interleukin-8-secreting and
non-secreting cells. The mixture of cells was used in an attempt to lower the initial
interleukin-8 concentration and was expected to enhance the tumorigenicity. .

To develop Mutatect cells that secrete interleukin-8 in a regulatable fashion. Since
constitutive expression of interleukin-8 was expected to result in lack of tumor
growth, a tetracycline-inducible expression system was also utilized. Several clones
secreting high, low and intermediate levels of interleukin-8, in which the expression
can be regulated at will, were expected to be isolated.

To demonstrate tumorigenicity of regultable interleukin-8-secreting Mutatect cells by
inhibiting the interleukin-8 expression in the early stages of tumor growth. It was
expected that tumors formed in this manner would be larger than by tumors formed

by the constitutive interleukin-8 expressing cells.

Materials and Methods
Reagents. All restriction endonucleases and DNA modifying enzymes used were

from New England Biolabs Ltd. (Mississauga, Canada). Sulfosuccinimidyl biotin, p-
nitrophenyl phosphate, fluorescamine, bovine serum albumin (BSA) and
cetyltrimethylammonium bromide were from Sigma-Aldrich (Oakville, Canada). G-418 was
from GIBCO-BRL (Burlington, Canada) and hygromycin was from Roche Diagnostics
(Laval, Canada). Tetracycline hydrochloride administered to animals in the drinking water

was diluted from a flavoured suspension for oral use (Novo-Tetra, Novopharm, Toronto,
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Canada).

Construction of interleukin-8-expressing mammalian constructs. By searching in the
Expressed Sequence Tag (EST) database (http://www.ncbi.nim.nih.gov/dbEST/index.html),
an LM.A.G.E. Consortium LLNL cDNA (/27) clone #328322 was identified to contain
human interleukin-8 sequences. The clone was obtained from a commercial source
(Research Genetics Inc., Huntsville, AL). To make a constitutive interleukin-8-expressing
construct, a mammalian expression vector pcDNA3 (Invitrogen, Carlsbad, CA) was used,

which contains a cytomegalovirus promoter upstream of a multiple-cloning site. In the first
attempt to make interleukin-8 expression constructs, clone #328322 was co-digested with
Spe I and Nhe I to obtain an 833 bp fragment (see sequence below) containing the entire
coding region of interleukin-8; the fragment was ligated to a compatible Xba I-digested
pcDNA3, and a pcDNA3/ILS clone L19-01 was identified to contain interleukin-8 under the
cytomegalovirus promoter in the sense direction by restriction endonuclease-digestion
analysis. However, this clone was unable to express interleukin-8 (see Results section) and,
when sequenced, was found contain an additional “false” start codon that was 46 bp

upstream of the authentic start codon of interleukin-8 coding region (see below).
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The construct had to be re-created as follows. To avoid the sub-cloning of the “false’
start codon, clone #328322 was first digested to completion with Nhe I, then partially
digested with Eco RI, and finally blunt-ended with Mung bean nuclease to obtain an 810 bp
fragment, containing the entire coding region of interleukin-8. The pcDNA3 vector was
digested with Bam HI and blunt-ended with T4 DNA polymerase. The 833 bp fragment and
the digested vector were ligated, and a pcDNA3/IL8 clone L25-13 was identified to contain

the interleukin-8 coding region under the cytomegalovirus in a sense orientation by
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restriction nuclease analysis (4ppendix A1). The correct nucleotide sequence and existence
of only one start codon was confirmed by sequencing from the T7 promoter of pcDNA3.

To make a regulatable interleukin-8-expressing construct, a mammalian expression
vector pTRE (Clontech, Palo Alto, CA) was used since since it contains a response element
(TRE) for a tetracycline-responsive transcriptional activator (Clontech). To prepare a
regulatable interleukin-8 construct, pcDNA3/IL8 clone L25-13 was digested with Bam HI
and an 810 bp fragment, containing the entire coding region of interleukin-8, was isolated.
The pTRE vector was also digested with Bam HI. The fragment and the vector were ligated
and a pTRE-IL8 clone L1-2 was isolated (4dppendix Al). It contained the interleukin-8
coding region in a sense orientation under TRE, as confirmed by restriction endonuclease
analysis.

Cell culture conditions and interleukin-8 transfections. Unless otherwise stated, all
cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM) plus 10 % fetal
calf serum (GIBCO- BRL, Burlington, Canada) in a humidified atmosphere of 5 % CO, at
37°C. The parental Mutatect cell line used for transfection experiments was MC-TGS17-51
(66) (referred to as MC17-51). All mammalian cell transfections in this chapter were carried
out using DODAC:DOPE LuV liposomes according to manufacturer’s protocol (INEX
Pharmaceuticals Corp., Vancouver, Canada). For transient transfections, supercoiled
plasmids were used, and culture media of transfected cells were analyzed after 48 h. For
stable transfections, Sca I-linearized plasmids were used, and cells were transferred to either
0.5 mg/ml G-418 (a neomycin analog) or 0.3 mg/ml hygromycin after 48 h. Sca I cuts
within the ampicillin gene of each plasmid. To produce constitutive interleukin-8-secreting
stable cell-lines, MC17-51 cells were transfected with pcDNA3/IL8 clone L25-13, and
G-418-resistant clones (named MIL clones) were selected. To produce regultatable
interleukin-8-secreting stable cell-lines, the Tet-Off gene expression system (Clontech) was
used. In the first step, linearized pTet-Off plasmid, containing genes for the tetracycline-
responsive transcriptional activator (tTA) and neomycin resistance, was transfected into
MC17-51 cells, and G-418-resistant clones (named MT clones) were selected. MT-6 clone,
containing tetracycline-regulatable tTA activity, was identified as described in the Resuits
section. In the second step, MT-6 cells were co-transfected with the linearized pTRE-IL8
clone L1-2 and a pTK-Hyg plasmid (Clontech), and hygromycin-resistant stable clones
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(named TM clones) were selected. Cells were maintained in 10 ug/ml tetracycline-
hydrochloride throughout the transfection. As described in Results, several interleukin-8
expressing TM clones were identified whose expression could be regulated by tetracycline.

Competitive ELISA for detection of interleukin-8 in culture medium. A competitive
ELISA was developed to permit sensitive detection of interleukin-8 in the medium of
Mutatect cells. Neutralite avidin (Molecular Probes, Leiden, Netherlands) was bound (50 pl
per well of 20 ug/ml in PBS; room temperature for 18 h) to a 96-well polystyrene microtitre
plate, then blocked with 1% BSA for 2 h. Recombinant human interleukin-8 (R & D
Systems, Minneapolis, MN, supplied in solution as 300 pg/ml in 30 mg/ml BSA) was
biotinylated as follows. A mixture was prepared containing 0.1 M sodium borate (pH 8.8),
50 uM sulfosuccinimidyl biotin, 0.6 pug recombinant interleukin-8 and 60 ug BSA in 200 pl
and allowed to react overnight at room temperature. Unreacted functional groups of
sulfosuccinimidyl biotin were blocked with 5 mM ammonium chloride at room temperature
for 30 min. Free biotin was removed by extensive dialysis against PBS. As a control,
biotinylated BSA was prepared similarly using a mixture lacking recombinant interleukin-8.
Approximately 1 ng of dialyzed biotinylated-interleukin-8 in 100 ul of ELISA buffer (0.02
M Tris-HCIl, pH 7.5, 0.15 M NaCl, 0.05 % v/v Tween-20) was added per well of the avidin-
coated, BSA-blocked 96-well plate and incubated at 4°C overnight. The wells were washed
3x with ELISA buffer and stored at 4°C for up to 1 month. Using anti-interleukin-8
antibody as described below, bound biotinylated-interleukin-8 could be detected while
avidin-coated, BSA-blocked wells containing bound biotinylated-BSA, free recombinant
interleukin-8 or no additive produced no signal.

Analysis of interleukin-8 in culture medium was carried out as follows. Cells were
grown in DMEM plus 10 % fetal calf serum at a density of 5 x 10* cells per cm?; 18 h before
analysis, the medium was removed and replaced with DMEM plus 0.1 % fetal calf serum.
(Reducing the amount of serum was found to lower the background and increase the
sensitivity of the ELISA; data not shown). The medium (0.5 ml) was mixed with rabbit anti-
human interleukin-8 polyclonal antibody (0.5 ul of 1 mg/ml, Endogen, Woburn, MA) and
incubated overnight at 4°C. Wells were washed before use with ELISA buffer, and 100 pl of
culture medium preincubated with anti-interleukin-8 antibody was added and then incubated
for 1 h at room temperature. Unbound antibody was removed by 3 washes with ELISA
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buffer. Secondary antibody, 1:1000 diluted phosphatase-conjugated goat anti-rabbit
immunoglobins (Kirkegaard & Perry, Gaithersburg, Maryland) (100 ul per well) was added
and incubated for 1 h at 37°C. Wells were washed 3x with ELISA buffer, 100 pl per well of
substrate (3 mM p-nitrophenyl phosphate, 50 mM Na,CO3, 0.05 mM MgCl,) was added and
color was allowed to develop overnight at 4°C. Absorbance was measured at 405 nm in a
Benchmark Microplate Reader (Bio-Rad, Mississauga, Canada). For correction of non-
specific binding, the absorbance of wells without biotinylated-interleukin-8 was subtracted
from the absorbance of corresponding biotinylated-interieukin-8-coated wells. A standard
curve was constructed using 0 to 2 ng/ml of recombinant interleukin-8 added to DMEM plus
0.1 % fetal calf serum. Interleukin-8 produced by Mutatect cell-lines was quantified with
reference to this standard curve. The assay was nearly linear in the range 0.02 to 1.50 ng of
interleukin-8 per ml (data not shown). Each assay was performed in triplicate.

Biological activity of interleukin-8 produced by Mutatect cells. An in vitro
chemotaxis assay for neutrophils was used to verify that human interleukin-8 produced by
Mutatect cells had biological activity. Neutrophil-rich granulocytes were purified from the
peripheral blood of normal healthy individuals using Ficoll-Hypaque (Pharmacia Biothech,
Sweden) density gradient centrifugation followed by hypotonic lysis to remove erythrocytes
(128). Culture medium (0.5 ml) from transiently transfected Mutatect cells was added to a
24-well plate. Nunc 10 mm Tissue Culture Inserts (Nalge Nunc International, Naperville,
IL) with a 8 um polycarbonate membrane were placed into each well as the upper
compartment of Boyden chamber (see Fig. 1.1B). A neutrophil-rich granulocyte suspension
(0.4 ml containing 4 x 10° cells in PBS plus 0.9 mM CaCl,, 0.5 mM MgCl,, and 0.1% BSA)
was added into each insert. The plate was incubated at 37°C for 60 min to permit
chemotaxis of neutrophils through pores in the membrane. The membrane was removed,
fixed in methanol, stained with hematoxylin and transferred to a glass cover slip. The
membrane was air-dried and mounted on a glass slide with a drop of immersion oil such that
the original lower surface of the membrane was uppermost. Neutrophils on this surface
represent cells that have migrated through the pores of the membrane. The average number
of neutrophils per x400 power field was calculated from a count of 8 fields. Experiments

were carried out in duplicate.
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Mutatect tumor formation and size measurements. Subcutaneous tumors were
formed by injecting 5 x 10° cells in 0.1 m! of PBS into 8-10 week-old C57BL/6 female mice.
Mixed tumors were formed by inoculating mixtures of MC17-51 and MIL-4 cells as
indicated in the Table or Figure legends. For in vitro controls, the same cell mixtures were
grown in culture for the entire period of in vivo tumor growth, with sub-culturing twice
weekly. Where indicated, 0.4 mM tetracycline was added to the drinking water, which was
protected from light and changed every 2-3 days. Once tumors reached a size where they
could be measured with calipers (about one week after injection), three dimensions of each
tumor were measured every 2 to 3 days. Tumor volumes were approximated by the

following equation of a hemi-ellipsoid:

_m-l-w-h
6

vV
where V is the volume of the tumor in mm’. Once the largest diameter of the control non-
interleukin-8 producing tumors was ~1 cm (i.e., ~3 weeks), all animals were sacrificed. All
animal experiments reported in this chapter were carried out at the Animal Care &
Veterinary Service of the University of Ottawa in accordance with guidelines of the
Canadian Council on Animal Care.

Statistical Analysis. For all statistical analyses, non-parametric tests were used. The
Mann-Whitney U test was used to compare 2 unpaired groups. For 3 or more unpaired
groups, a Kruskal-Wallis test was used. Spearman rank correlation was used to determine a
correlation between 2 measured variables. Curve fitting and statistical tests were performed
using GraphPad Prism version 3.02 (GraphPad Software, San Diego, CA). A value of P <
0.05 was considered to be statistically significant. In the figures, statistical significance is
indicated as * (for P < 0.05), ** ( for P < 0.01) or *** (for P < 0.0001).

1.6. Results

1.6.1. Development of a construct that expresses biologically active interleukin-8

A cDNA of human interleukin-8 was required as a starting point for making
interleukin-8 expression constructs. By searching the EST database, a clone containing the
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entire coding-region of human interleukin-8 cDNA was identified and obtained from a
commercial source. To test its ability to express interleukin-8 protein, the coding-region was
sub-cloned under a constitutively active cytomegalovirus promoter in a mammalian
expression vector. This construct (clone L19-01) was then transiently transfected into
Mutatect MC17-51 cells and the culture medium analyzed after 48 h for any secreted
interleukin-8 using ELISA. No interleukin-8 was, however, detectable in the culture medium
(Fig. 1.1A). When the interleukin-8 cDNA clone was sequenced, it was found to contain an
additional start codon that was upstream of the authentic start of the interleukin-8 coding-
region. Thus, the interleukin-8 construct had to be recreated to remove the additional “false”
start codon (see Materials and Methods for details on reconstruction). The re-constructed
plasmid (clone L25-13) was then transiently transfected into MC17-51 cells to test its ability
to express interleukin-8 protein. Medium from the transfected cells was determined by
ELISA to contain about 1.25 ng interleukin-8 per ml, whereas control medium (cell-free
medium) or medium from vector-alone transfected cells contained < 0.1 ng/ml (Fig. 1.1A).
To test the biological activity of the expressed interleukin-8, an in vitro chemotaxis
assay was carried out using a Boyden chamber (Fig. 1.1B). Culture medium from cells
transfected with interleukin-8 construct was demonstrated to chemoattract a significantly
higher number of human neutrophils than were the culture medium from vector-alone
transfected cells (P < 0.0001) (Fig. 1.1C). These experiments demonstrate that the
interleukin-8 construct (clone L25-13) is able to express biologically active interleukin-8

protein.

1.6.2. Construction of constitutive interleukin-8-secreting Mutatect cells (MIL-4)

Development of Mutatect cell lines that constitutively secrete interleukin-8 was
accomplished by stable transfection of interleukin-8 construct (clone L25-13) into MC17-51
cells. Since this construct also contains a neomycin selectable marker gene, stable
neomycin-resistant clones were isolated and screened for the secreted interleukin-8 levels in
their cultured media by ELISA (Fig. 1.2). One clone, MIL-4 was found to consistently
secrete 2.4 ng interleukin-8 / 108 cells / 24 h; others secreted (if any) below the detection
limit < 0.05 ng / 10° cells / 24 h. The MIL-4 cells were used for further experiments as
constitutive interleukin-8-secreting Mutatect cells, and the MIL-1 and the parental MC17-51
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FIGURE 1.1. Mutatect MC17-51 cells, transiently transfected with a pcDNA3/IL8
construct (L25-13), express interleukin-8 that is biologically active.

Culture media from control (no cells), pcDNA3 (vector) or pcDNA-IL8 clone L25-13 or
L19-01 transfected cells were examined. A) Interleukin-8 deiected using a competitive
ELISA. Only clone L25-13 produced interleukin-8 protein. B) Boyden chamber (an in vitro
chemotaxis assay) used to measure biological activity of interleukin-8 for human neutrophils.
C) Biological acitivity of interleukin-8 produced in the culture media measured using the
Boyden chamber. Other details are in Materials and Methods. Each bar represents mean +
SEM of at least triplicate values. Differences between vector and L25-13 culture
supernatants were highly statistically significant (P < 0.0001, indicated by ***). When
normalized, 1 ng/ml interleukin-8 in the ELISA is equivalent to 7.5 ng per 10° cells per 24 h.
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FIGURE 1.2. Interleukin-8 produced by neomycin-resistant MIL clones and controls.
Mutatect MC17-51 cells were stably transfected with pcDNA3/IL8 clone L25-13 and
neomycin-resistant MIL clones were isolated. Interleukin-8 in the culture medium (DMEM
plus 0.1% fetal calf serum was substituted for complete medium for 24 h before analysis)
was measured by ELISA. Other details are presented in Materials and Methods.
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were used as control, non-interleukin-8-secreting cell lines.

1.6.3. Tumorigenicity of constitutive interleukin-8-secreting Mutatect MIL-4 cells

Mutatect cells are subcutaneously tumorigenic in syngeneic C57BL/6 mice since they
can grow into l-cm tumors within 2-3 weeks. To study the effect of constitutive interleukin-
8 secretion on tumorigenicity of Mutatect cells, the growth of the interleukin-8-secreting
MIL-4 cells was compared to the non-secreting MIL-1 and MC17-51 cells. Interleukin-8
secretion did not affect the in vitro growth rate of MIL-4 cells; all cell lines (MIL-4, MIL-1
or MC17-51) had doubling times of 14-16 h (Table 1.1). To determine their tumorigenicity
and in vivo growth, 5 x10° cells of each type were injected subcutaneously into groups of
C57BL/6 mice and tumor size was measured at day 21. Mice injected with non-interleukin-
8-secreting cells (MC17-51 or MIL-1) produced tumors that reached a size of about 1 cm in
diameter at day 21 (Fig. 1.3A). By contrast, interleukin-8-secreting MIL-4 cells produced
very small tumors, whose average size was < 0.3 cm diameter at day 21 (P <0.01). Inan
independent experiment, growth rate of MIL-4 tumors was compared with that of MC17-51
tumors (Fig. 1.3B). Tumor volumes were monitored until excision at day 24. Doubling time
of MIL-4 tumors was found to be 2.5x higher than that of MC17-51 tumors (Table 1.1), in
agreement with the above results (Fig. 1.3A). The growth kinetics of MIL-4 tumors
indicated a lag phase that was at least 1 week longer than pure MC17-51 tumors. Thus, these
results show that interleukin-8-secreting Mutatect cells are less tumorigenic since they

produce small, slow-growing tumors compared to non-secreting cells.

1.6.4. Mixed tumors induced interleukin-8-secreting and non-secreting Mutatect cells
Slow growth of tumors initiated by interleukin-8-secreting MIL-4 cells may be due to

the cytotoxicity by a high number of neutrophils expected to be attracted at the site of tumor
injection. In an attempt to lower the local concentration of interleukin-8, we mixed
interleukin-8-secreting MIL-4 cells with non-secreting MC17-51 cells prior to injection in
the mice. In an initial experiment, the total number of cells injected was kept constant at 5§ x
10° cells per injection, with varying ratios of the two cell types. As the number of MIL-4
cells in the tumors increased, the size of tumor became progressively smaller (Fig. 1.4A).
This suggested that the low tumorigenicity of MIL-4 cells may be due to high interleukin-8
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TABLE 1.1: Doubling times of constitutive and regulatable interleukin-8-secreting Mutatect

cells growing in culture or as subcutaneous tumors in C57BL/6 mice

Doubling time

Cells IL-8*  Cells in culture (h) ° Tumor volume (d)
Mean +SD n Mean +SD n
MC17-51 none 145 +09 3 172 +0.09 5

MIL-1 none 153 £2.1 3 ND

_ +
;2: MIL-4 high 143 +16 3 427 . S
:‘Z MC17-51 : MIL4 (0.5:5)  low ND 1.87 +£020 5
S MC17-51 : MIL-4 (1 : 5) low ND 182 +022 5
MC17-51 : MIL-4 (2 : 5) low ND 190 +0.17 5
MC17-51 : MIL-4(4:5) mod./low ND 3.10 £020* 5
MT-6 none 154 +05 3 223 +021 8
2 T™34 low 138 +23 3 197 024 8
§ T™-3 low 162 09 3 254 023 8
g “TM-28 mod. 148 £1.1 3 211 £020 9
T™-7 high 142 £07 3 3.68 +066* 8

# Level of interleukin-8 secreted by cells. High >2, moderate 1-2, low 0.1-1 and none < 0.1

ng per 10° cells per 24 h.

® Cells growing on dishes were counted at time 0, 24, 48, 72 and 96 h using trypan blue-
exclusion. The doubling time was calculated using the slope of the graph of Log (cell

number) vs. time, using the equation doubling time = log 2 / slope.
° Doubling time of tumors was measured as described in Fig. 1.3b.

ND - not determined
** p <0.01 (Kruskal Wallis test)
* p <0.05 (Kruskal Wallis test)
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FIGURE 1.3. Comparison of tumorigenicity of Mutatect MIL-1, MIL-4 and MC17-51
cells in syngeneic CS7BL/6 mice.

A) Tumor size (largest diameter) measured 21 days after subcutaneous injection of 5 x 10°
MC17-51, MIL-1 or MIL-4 cells. B) Volume (V) of tumors at the indicated time following
injection of MC17-51 or MIL-4 cells. The ¥V was calculated as described in the Materials
and Methods. Inset) A plot of Log V against time to obtain the doubling time (= Log 2 /
slope) of the tumors. Each point represents the mean volume of five tumors. Lines were
curve fitted according to an exponential growth model using GraphPad Prism version 3.02

software.
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levels, but it did not demonstrate the involvement of factors in the tumor microenvironment
(likely neutrophils) in contributing to this low tumorigenicity.

To demonstrate whether the low tumorigenicity of MIL-4 cells was due to exogenous
factors present in the tumor microenvironment, the ability of MIL-4 cells to act in trans to
inhibit the tumorigenicity of MC17-51 cells was examined in a larger series involving 30
animals. An increasing number of MIL-4 cells (0, 0.5, 1, 2 or 4 x 10°) was added to a
constant number of MC17-51 cells (5 x 10°), and each mixture was injected into 5 animals to
allow subcutaneous tumor growth for 24 d. As an in vitro control, the mixtures were also
grown in culture for an equivalent period. To study the effect of MIL-4 cell-addition in vivo.
tumor sizes (volumes) were monitored throughout development. At day 24, the sizes of
MIL-4/MC17-51 mixed tumors containing additional 1, 2 or 4 x 10° MIL-4 cells were
significantly smaller than expected, whereas sizes of tumors containing additional 5 x 10°
MC17-51 cells were similar to that expected (Fig 1.4B). In addition, tumors containing
additional 4 x 10° MIL-4 cells had significantly lower growth rates than control tumors, as
determined by an increase in the doubling time (Table 1.1). This suggested that addition of
MIL-4 cells inhibited the growth of MC17-51 tumors.

To examine the effect of MIL-4 cell-addition on cell growth in vitro, the mixtures of
MIL-4/MC17-51 cells growing in culture, which had not been passaged through the mice,
were analyzed for neomycin resistance. This was done on the basis of the fact that MIL-4
cells are resistant to neomycin and MC17-51 cells are not (see section /.5). As shown in Fig.
1.5A, the ratio of MC17-51 to MIL-4 cells in mixed cultures remained the same throughout
the in vitro growth (> 3 weeks), suggesting that MIL-4 cells do not inhibit the growth of
MC17-51 cells in vitro. Thus, the ability of interleukin-8-secreting MIL-4 cells to inhibit the
growth of non-secreting MC17-51 cells in vivo but not in vitro suggests that factors
dependent upon the concentration of interleukin-8 in the tumor microenvironment were
likely responsible.

The tumors of MIL-4/MC17-51 mixture were also examined to determine whether
either cell-type had a growth advantage in vivo. Tumors were analyzed for neomycin
resistance to estimate the ratio of MIL-4:MC17-51. It was anticipated that the percentage of
neomycin-resistant cells in the mixed tumors would decrease, since tumors initiated with

100% MIL-4 cells grew very slowly. Contrary to expectation, the number of neomycin-
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FIGURE 1.4. Comparison of tumorigenicity of Mixutures of MIL-4 and MC17-51 cells

in syngeneic CS7BL/6 mice.
A) Tumor sizes of mixed tumors at day 20. The total number of cells injected were kept

constant at 5 x 10° per injection, with varying ratios of the two cell types. B) Tumor

volumes of mixed tumors at day 24. An increasing number of MIL-4 cells (0, 0.5, 1, 2 or 4)
was added to a constant number of MC17-51 cells (5 x 10°), and each mixture was injected
into 5 animals. In 0:10 ratio, 10 x 10° of MC17-51 cells were injected. Each bar represents
mean + SEM of five tumors. The expected volumes were calculated based upon the volumes

of pure MIL-4 and MC17-51 tumors and taking into account their ratios.
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FIGURE 1.5. Expression of neomycin-resistant gene by Mixtures of MIL-4 and MC17-
51 cells after 24 days compared to initial levels (t = 0).

A) Percentage of neomycin-resistant cells in the in vitro-growing mixtures. B) Percentage of
of neomycin-resistant cells in the cells recovered from mixed tumors. The values 0:5-t0-5:0
refer to the ratio of MIL-4 and MC17-51 cells used for the mixtures as described in the
legend of Fig. 1.4. Each bar represents mean + SEM of 5 tumors or 3 cultures. Other details

are in the Results section.
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resistant cells recovered from mixed tumors was actually 20-100% higher than
corresponding in vitro cultures in the case of 1:5, 2:5 and 4:5 ratios (Fig. 1.5B). This
suggested a growth advantage to the interleukin-8-expressing MIL-4 cells in tumors under
some concentrations of interleukin-8. Surprisingly, tumors initiated with 100% MIL-4 cells

(the 5:0 ratio) were found to be >95% lower in neomycin resistance (Fig. 1.5B).

1.6.5. Construction of regulatable interleukin-8-secreting Mutatect cells (TM-28, TM-34.

elc.)
Regulatable interleukin-8-secreting Mutatect cell lines were developed using a

tetracycline-regulatable gene-expression system, Tet-Off™ from Clontech. The system
consists of two plasmids (Fig. 1.6). One plasmid contains a response element (TRE)
upstream the inserted gene of interest (e.g., interleukin-8). The other plasmid contains the
gene for tetracycline-sensitive transcriptional activator (tTA) under a constitutively active
cytomegalovirus promoter. The tTA binds to TRE and activates the downstream inserted
genes in the absence but not in the presence of tetracycline (Fig. 1.6). The development of
tetracycline-regulatable interleukin-8-secreting cell lines was accomplished in two steps. In
the first step, Mutatect MC17-51 cells were transfected with the plasmid containing the tTA
gene, and stable cell lines were isolated on the basis of a linked neomycin resistance gene.
Fifteen stable neomycin-resistant clones, named MT clones, were selected. These clones
were then screened for tTA activity as follows: each MT clone was transiently transfected
with a TRE-regulated interleukin-8 construct and analyzed for secretion of interleukin-8 by
ELISA (Fig 1.7A). Four MT clones were found to secrete detectable levels of interleukin-8
in the culture medium, indicating the presence of tTA activity. The tTA activity in these
clones was then analyzed for sensitivity to tetracycline; each clone was transfected with
TRE-interleukin-8 construct in the absence or presence of tetracycline and assayed for
interleukin-8 in the culture media. Of all the clones tested, the MT-6 clone responded best to
tetracycline (Fig. 1.7B). A dose-dependent response to tetracycline was also done on this
clone. As low as 80 nM of tetracycline could completely inhibit interleukin-8 secretion in
TRE-interleukin-8-transfected MT-6 cells (Fig. 1.7C). The MT-6 cells were chosen for the

next step in creating regulatable interleukin-8-secreting Mutatect cell lines.
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FIGURE 1.6. Tet-off gene expression system from Clontech.
In the absence of tetracycline, tTA is bound to TRE and activates transcription of

downstream inserted genes (e.g., interleukin-8). In the presence of tetracycline, the tTA
binds to tetracycline, changes conformation and is unable to bind to TRE. Hence, the

downstream inserted gene is not transcribed.
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FIGURE 1.7. Mutatect MT clones.
Mutatect MC17-51 cells were stably transfected with pTET-Off plasmid and neomycin-

resistant stable MT clones were isolated. A) Interleukin-8 produced by MT clones
transiently transfected with TRE-interleukin-8 construct. B) Effect of tetracycline on
interleukin-8 production by MT clones transiently transfected with TRE-interleukin-8
construct. C) Dose-dependent effect of tetracycline on interleukin-8 production by MT-6
clone transiently transfected with TRE-interleukin-8 construct. Interleukin-8 was measured
by competitive ELISA. Each bar represents mean + SD of triplicate values. Other details

are in the Materials and Methods.
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In the second step. MT-6 cells were co-transfected with the TRE-interleukin-8
construct and a hygromycin-resistance gene. Forty stable hygromycin-resistant clones,
named TM clones, were isolated and their culture media screened for interleukin-8 using
ELISA. Thirteen of the clones had detectable interleukin-8 levels (Fig. 1.8A). These were
then analyzed for sensitivity to tetracycline; each clone was grown in the absence or presence
of tetracycline and their culture media were assayed for interleukin-8. Only 4 clones
exhibited stable interleukin-8 expression as well as effective tetracycline-dependent
suppression of interleukin-8 (Fig. 1.8B). These 4 tetracycline-regulatable TM cell lines
were chosen for further experiments, and the parental MT-6 cell line was used as a non-
interleukin-8-expressing control cell line.

1.6.6. Tumorigenicity of regulatable interleukin-8-secreting Mutatect cells

The tumorigenicity of the regulatable interleukin-8-secreting Mutatect cells was
studied by comparing the growth rates of the Mutatect TM clones 3, 7, 28 and 34 cells with
that of the parental non-interleukin-8-secreting MT-6 cells. In vitro, all cell-lines had very
similar growth rates in the absence (Table 1.1) or presence (data not shown) of tetracycline,
with doubling times of 13-16 h. To measure growth rates in vivo, each cell line was
transplanted into 8 mice and the tumor-volumes were monitored throughout development.
Since results from section 1.6.3 suggest that constitutively high interleukin-8-secreting cells
produce tumors with a lag phase of one week longer than controls, all mice injected with TM
cells were administered tetracycline in their drinking water for the first week in an attempt to
suppress the initial interleukin-8 concentrations. After 1 week, half of the mice in each
group were taken off the tetracycline, while the remainders were continued on the drug. No
statistically significant difference in the tumor growth as a function of tetracycline for any
clone was seen (data not shown). Tumors produced by interleukin-8-secreting TM 3, 28 and
34 cells did not differ significantly from control MT-6 tumors in their growth characteristics
(Fig. 1.9A and Table 1.1). However, tumors produced by highest interleukin-8-secreting
TM-7 cells were significantly smaller at day 19 than control MT-6 tumors (P = 0.03) (Fig
1.9A and Table 1.1). In addition, TM-7 tumors grew with similar growth kinetics (Fig 1.9B)
as the tumors produced by high interleukin-8 secreting MIL-4 cells (Fig. 1.3B). Thus, cells
expressing very high levels of interleukin-8 are appreciably less tumorigenic than cells

expressing lower levels.
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FIGURE 1.8. Interleukin-8 produced by stable Mutatect TM clones and control MT-6

clone.
A) Screen of interleukin-8 expression by TM clones. B) Tetracycline-responsive interleukin-

8-secreting Mutatect TM clones. Cell were grown in the absence or presence of 1 uM
tetracycline and interleukin-8 was detected in the culture media by ELISA. MT-6 is a

control non-interleukin-8 producing cell line. Error bars represent mean + SEM of tripilcate

values.
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FIGURE 1.9. Comparison of tumorigenicity of Mutatect MT-6, TM-34, TM-3, TM-28
and TM-7 cells in syngeneic C57BL/6 mice.

A) Tumor volume measured 19 days after subcutaneous injection of 5 x 10° of the indicated
cells. B) Volume (V) of tumors at the indicated time following injection of MT-6 control or
TM-7, a high interleukin-8 expressor. The volume was calculated as described in the
Materials and Methods. Inset) A plot of Log V against time to obtain the doubling time

(= Log 2/ slope) of the tumors. Each point represents the mean + SEM of 8 tumor volumes.
Lines were curve-fitted according to an exponential growth model using GraphPad Prism

version 3.02 software
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1.7. Discussion

In several animal tumor models, interleukin-8 expression can result in extensive
neutrophil-dependent or independent cytotoxicity, leading to very small-sized (if any) tumors
(121, 122). Mutatect cells are subcutaneously tumorigenic in syngeneic C57BL/6 mice since
they grow into 1-cm tumor diameter (or ~90 mm’ volume) within 3 weeks. These tumors
can be analyzed for a number of parameters, including histological examination of sections.
hprt mutation frequency, myeloperoxidase activity (chapter 2), interleukin-8 transgene
instability (chapter 3), tocopherol levels (chapter 4), various immunohistochemical analyses
(chapter 4) and/or protein nitrotyrosine (chapter 5). Multiple analyses are important to study
associations amongst them in order to better understand the mechanism of genetic instability
in vivo. Thus, it is desirable that the sizes of tumors be large enough (>50 mm®) to complete
most of these analyses. This chapter describes the development of interleukin-8-expressing
Mutatect cell lines and identifies the ones that could produce large subcutaneous tumors.

As a starting point, an interleukin-8 cDNA was obtained. It was found to have an
additional “false” start codon which needed to be removed to allow proper interleukin-8
expression. For it to be biologically active, the interleukin-8 protein needed to be properly
processed before it is secreted from cells. Using ELISA and an in vitro chemotactic assay,
we confirmed that the corrected interleukin-8 cDNA sequences were able to secrete
biologically active interleukin-8 protein from Mutatect cells. This cDNA was used to make
constitutive and regulatable interleukin-8-secreting cell lines.

The constitutive system was first developed and tested, since it was easier to
construct and did not require many manipulations of Mutatect cells. Only one cell line, MIL-
4, with constitutive interleukin-8 expression was isolated. These cells produced very small
tumors (<20 mm®) as they grew very slowly in vivo but not in vitro, suggesting that cytotoxic
factors present in the tumor microenvironment may be responsible for the lack of
tumorigenicity. In several other animal models, high levels of interleukin-8 expression can
lead to neutrophil-dependent or, in one case, neutrophil-independent inhibition of
tumorigenicity. Based upon this, we postulated that the lack of tumorigenicity of MIL-4
cells was due to high levels of interleukin-8 produced by the cells. We therefore attempted
to lower the interleukin-8 levels by using mixed-cultures of interleukin-8-secreing MIL-4

and non-secreting MC17-51 cells to produce subcutaneous tumors. These tumors were
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significantly larger (>60 mm?®) than pure MIL-4 tumors, suggesting that the level of
interleukin-8 was likely responsible for the lack of MIL-4 tumorigenicity. In most of the
mixed tumors, MIL-4 cells were still a considerable part of the tumors as they accounted to
40-60% of the cells in vivo. These experiments also suggested that the lack of
tumorigenicity is likely due to exogenous factors present in the tumor microenvirnment,
since the presence of MIL-4 cells in MIL-4/MC17-51 mixtures inhibited the growth of the
mixtures in vivo (in the tumor microenvironment) but not in vitro (where cytotoxic factors
are absent). Thus, from the constitutive system, we concluded that high interleukin-8-
secreting Mutatect MIL-4 cells-alone produce small tumors, but when mixed with non-
secreting MC17-51 cells to presumably reduce interleukin-8 levels, they produce larger
tumors.

The fate of MIL-4 cells in MIL-4/MC17-51 mixed and pure MIL-4 tumors could be
determined by the presence of neomycin resistance gene as a marker. In most ratios of
mixed tumors, MIL-4 cells were enriched over MC17-51 cells. The enrichment of
interleukin-8-secreting cells over non-secreting cells may be due to a growth advantage
conferred by interleukin-8-mediated angiogenesis, although little angiogenic effect of
interleukin-8 was seen. Surprisingly, in pure MIL-4 tumors, the neomycin resistance was
lost, which was likely due to exogenous factors present in the tumor microenvironment (see
chapter 3). Thus, the presence of interleukin-8-expressing cells in a tumor can have
paradoxical effects. On one hand, it inhibits the growth of the tumor while, on the other
hand, it gives a selective growth advantage to interleukin-8-secreting cells in the tumor. We
believe that the ultimate effect of interleukin-8 on the biology of a tumor may depend upon
its local concentration. At a very high concentration it may have anti-tumorigenic effects
whereas at lower concentrations, the pro-tumorigenic effects would prevail.

In an attempt to completely suppress interleukin-8 expression from Mutatect cells, a
more powerful genetic system was utilized. Interleukin-8 cDNA was placed under a
tetracycline-regulatable promoter and used to construct Mutatect cell lines in which
interleukin-8 expression could be down-regulated by tetracycline. This system required
multiple steps and took longer to create than the constitutive system. At least 4 interleukin-
8-secreting cell lines (TM-3, 7, 28, 34) were identified whose expression could be

suppressed in cell culture by tetracycline. Clone TM-7 expressed the highest level of
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interleukin-8, which was ~2-fold higher than MIL-4 cells. Clones TM-3 and TM-34
expressed low levels, while clone TM-28 expressed an intermediate level. These cells were
transplanted into mice to examine their tumorigenicity. To avoid interleukin-8-dependent
anti-tumorgenic effects, we attempted to suppress the initial expression of interleukin-8 by
administering tetracycline to drinking water of mice for first 1 week. All the TM clones.
with the exception of TM-7, produced large tumors (>60 mm?’), which were comparable to
the sizes of non-interleukin-8-secreting controls. In addition, TM-7 tumors appeared to be
larger than MIL-4 tumors. However, continual administration of tetracycline throughout
tumor development failed to affect tumorigenicity of any of the cell line. The effect of
administrating no tetracycline on tumorigenicity was not examined. Thus, we cannot
conclude if tetracycline had any effects on tumorigenicity in vivo. However, what we can
conclude is that cells containing very high levels of interleukin-8 (TM-7 and MIL-4) produce
small tumors, while cells containing lower levels (TM-28, TM-3, TM-34 and mixture of
MIL-4/MC17-51) produce large tumors.

1.8. Significance

Our laboratory has previously shown that interleukin-8 injected directly into Mutatect
tumors was able to increase neutrophil infiltration. However, this was only seen in 22% of
the injected tumors, which was likely due to inconsistencies with injections of interleukin-8.
We have therefore developed interleukin-8-secreting Mutatect cell lines in an attempt to
allow a consistent source of interleukin-8 in the tumors. The level of neutrophil infiltration in
the tumors is reported in chapter 3. From the tumorigenicity studies, we have identified
interleukin-8-secreting cell lines or mixture of cell lines that could produce large
subcutaneous Mutatect tumors. These include TM-28, TM-3, TM-34 and mixture of
MIL-4/MC17-51. It is desirable that the sizes of tumors be large enough in order to analyze
these tumors for multiple analyses. These tumors were significantly useful in the latter
chapters in studying the effects of neutrophils and neutrophil-derived reactive nitrogen oxide
species on genetic instability in vivo (chapters 3, 4 and 5). They were analyzed for a number
of parameters, including histological examination of sections (chapter 3), hprt mutation
frequency (chapter 3), myeloperoxidase activity (chapter 2), interleukin-8 transgene

instability (chapter 3), tocopherol levels (chapter 4), various immunohistochemical analyses
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(chapter 4) and/or protein nitrotyrosine by Western blotting and mass spectrometry
(chapter 5).

Finally, our results may explain the paradoxical effects of interleukin-8 in other
animal tumor models. In some models it can have anti-tumorigenic effects while in others it
has pro-tumorigenic effects. Although an obvious explanation for this difference is the
different genetic makeup of the cell lines used in the different models, our results implicate
that the ultimate effect of interleukin-8 on the biology of a tumor may also depend upon its
local concentration. At a very high concentration, it has anti-tumorigenic effects whereas at

lower concentrations, the pro-tumorigenic effects appear to prevail.

1.9. Conclusions

Tumorigenicity of interleukin-8-secreting Mutatect cells depends upon the level of
interleukin-8 being secreted. Cells secreting very high levels produce very small tumors
(<50 mm”), whereas the cells secreting lower levels produce large tumors (>60 mm?®). T™-
28, TM-3, TM-34 and mixture of MIL-4/MC17-51 were identified as the ones capable of

forming large subcutaneous tumors.
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Chapter 2. Development of a biochemical assay to assess
neutrophil content in Mutatect tumors
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2.1. Chapter Summary

A quantitative method was necessary to reliably measure neutrophil infiltration in
Mutatect tumors. Myeloperoxidase is a neutrophil-specific protein. Its enzymatic activity is
often used as a marker of neutrophil infiltration into tissues. However, we and others have
found that most enzymatic assays for myeloperoxidase are susceptible to interference from
non-specific peroxidases as well as heme-containing proteins present in tissues. This chapter
describes the development of a sensitive myeloperoxidase-specific assay, based upon
bromide-dependent chemiluminescence of luminol, which can be used to reliably quantify
neutrophil content in Mutatect tumors. The assay can distinguish between myeloperoxidase-
specific and non-specific reactions. The myeloperoxidase-specific reaction is believed to
proceed in 2 steps: (i) the enzymatic generation of hypobromous acid from bromide and
H,0, at pH 5, and (ii) the spontaneous reaction of hypobromous acid and H,O; with luminol
to give a chemiluminescence signal. The assay is sufficiently sensitive to allow detection of
myeloperoxidase in <100 human neutrophils. Other peroxidases and hemoproteins do not
interfere with the bromide-dependent signal. Although eosinophil peroxidase (a form of
myeloperoxidase present in eosinophils) can also oxidize bromide to generate hypobromous
acid, activities of neutrophil myeloperoxidase and eosinophil peroxidase can be distinguished
at different pHs. As a demonstration of the utility of our bromide-dependent assay,
myeloperoxidase activity was measured in Mutatect tumors. A statistically significant
correlation was seen between myeloperoxidase activity and histological neutrophil counts in
the tumors (r = 0.69, p < 0.01, n= 14). In addition, the assay was shown to be more reliable
than the neutrophil counts in predicting Aprt mutation frequency in tumors. The assay also

has wider application for measuring the neutrophil content of other tissues.
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2.2. Introduction

Neutrophil infiltration is frequently observed in Mutatect tumors (70). Interleukin-8-
secreting Mutatect tumors were described in the previous chapter; the neutrophil infiltration
in these tumors is expected to be higher. Quantification of neutrophils is important in order
to compare with other quantified parameters, such as the number of mutations occurring at a
marker Aprt locus. The presence of neutrophils can be detected by histological examination
of tumor sections, and the number of neutrophils in each section can be quantified by
counting microscopically (70). However, this is a very tedious method that is semi-
quantitative at best. Furthermore, neutrophils may be distributed very heterogeneously in
tumors, making counts less reliable. Thus, to reliably estimate neutrophil content in a whole
tumor, we utilized a biochemical assay to measure enzymatic activity of myeloperoxidase, a
neutrophil-specific protein.

Myeloperoxidase (EC 1.11.1.7) is abundantly present in storage granules of
neutrophils. It is widely considered a neutrophil-specific marker (/29-133), although very
low levels of myeloperoxidase are also found in monocytes (<5% the amount found in
neutrophils, on a per cell basis) (/34-136). Biochemical assays that measure
myeloperoxidase activity are used to estimate neutrophil infiltration. There are 2 types of
assays that are most commonly used: spectrophotometric and chemiluminescence assays.
Both types of assays involve myeloperoxidase-catalyzed oxidation of the substrates in the
presence of H;O,. Spectrophotometric assays commonly use substrates such as
tetramethylbenzidine, guaiacol or o-dianisidine (/37-139). Chemiluminescence assays use
luminol as substrate at pH 7 (/40-142) and are appreciably more sensitive than
spectrophotometric assays. However, none of the assays is very specific for neutrophil
myeloperoxidase. Heme-containing proteins (such as hemoglobin and myoglobin), and other
tissue peroxidases can also catalyze oxidation of the substrates in the presence of H;O; (143).
In addition, eosinophil peroxidase, a myeloperoxidase-like enzyme present in eosinophils,
may also contribute to the background signal (143). Thus, the widely used biochemical
assays are unable to distinguish between the myeloperoxidase-specific and non-specific
signals. Because of a requirement for a myeloperoxidase-specific assay to study neutrophil
content in Mutatect tumors, the method described in the present chapter was developed.
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A unique property of myeloperoxidases is their ability to catalyze HO,-mediated
oxidation of halides (X~ = Cl~, Br") to form hypohalous acids (HOX) (/44, 145).

X + H0 25 HOX + OH [2.1]

Most luminol-based chemiluminescence assays for myeloperoxidase are based upon
the myeloperoxidase-H>0>-chloride system to form HOCI at neutral pH (equation 2.2). The
HOCI can in turn react with luminol and H,O; to give chemiluminescence (/44, 145)

Cr + H,0,—2F0f7 , HOCI + OH [2.2]

HOC! + luminol + H,Op— hv [2.3]

The HOCI (and other HOX) may also react with H,O,-alone to generate singlet
oxygen ('02).

HOCl + H,0, — CI" + 'O+ H;0" [2.4]

In fact, 'O, levels produced by myeloperoxidases are useful in evaluating the various
myeloperoxidase-H,O--halide systems. Kanofsky et al have shown that the
myeloperoxidase-H,0,-bromide system is able to produce '0, at all pH tested (pH 3-8) (10,
146). However, under acidic conditions (pH 3-6) the myeloperoxidase-H;0,-chloride
system is unable to produce any '0, (10, 146). In addition, under acidic conditions,
neutrophil myeloperoxidase are much more active than eosinophil peroxidase (/46). Based
upon these differences, we describe a bromide-dependent chemiluminescence assay and
demonstrate its specificity for neutrophil myeloperoxidase at pH 5. To demonstrate the
utility of the assay, we used it to measure neutrophil myeloperoxidase in Mutatect tumors

and correlated this measurement with the number of infiltrating neutrophil as assessed

microscopically.
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2.3.

Hypotheses
The myeloperoxidase-specific signals can be distinguished from non-specific signals

in a luminol-dependent chemiluminescence assay based upon the unique property of the

neutrophil myeloperoxidase-H,0,-bromide system at acidic pH 5.

24.

Objectives and expected results

The following were the specific objectives examined in this chapter:

1.

2.5.

To design a two-step chemiluminescence assay that is able to distinguish non-specific
signal (step 1) from bromide-dependent myeloperoxidase-specific signal (step 2).
Human neutrophil and HL-60 cell extracts were used as positive controls for
myeloperoxidase, while Mutatect and 293T cells were used as negative controls.

To determine the linearity and detection limit of the assay using human neutrophil
extraclts.

To demonstrate the specificity of the assay by demonstrating any interference by
heme-containing proteins or non-specific peroxidases. It was expected that heme-
containing proteins or non-specific peroxidases would contribute to the non-specific
signal but not to the bromide-dependent signal.

To distinguish between eosinophil peroxidase and myeloperoxidase signals using the
bromide-dependent assay. We expected to distinguish between the two peroxidases
by carrying out the assay at two pH 5 and 7.5, since the myeloperoxidase-H,0,-
bromide system is more active than the eosinophil peroxidase-H;O,-bromide system
in acidic conditions (/46).

To demonstrate the ability of the bromide-dependent assay to quantitatively measure

neutrophil content in Mutatect tumors and compare with histologically counted

neutrophil content.

Materials and Methods
Reagents. Hypochlorous acid (HOCI) was prepared from a 5.25 % commercial

bleach solution (Javex) that was acidified to pH 8. Hypobromous acid (HOBr) solution was
prepared by the addition of HOCI to buffer containing excess KBr; this solution is an
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equilibrium of HOBr, bromine, and tribromide anion (/0). These solutions were prepared
immediately before use. Hexadecyltrimethylammonium bromide (CETAB),
diethylenetriaminepentaacetic acid (DTPA), 3-amino-1,2,4-triazole (ATA), luminol (5-
amino-2,3-dihydro-1,4-phthalazinedione) and MOPS buffer were from Sigma-Aldrich
(Oakville, ON, Canada).

Isolation of peripheral blood granulocytes from normal human donors. Neutrophil-
rich granulocytes were purified from the peripheral blood of normal healthy individuals
using Ficoll-Hypaque (Pharmacia Biothech, Sweden) density gradient centrifugation
followed by hypotonic lysis to remove erythrocytes (/28). Purified granulocytes were
cytocentrifuged (5 min at 500 rpm) onto glass slides and stained with Giemsa. Typical
preparations contained > 98% granulocytes (about 96 % of which are neutrophils and about
4 % were eosinophils).

Isolation of human eosinophil-rich granulocyte preparations. Peripheral blood
granulocytes were isolated from human patients with unspecified allergic conditions
characterized by high eosinophil counts at Ottawa hospital, General campus; Ficoll-Hypaque
density gradient centrifugation was used as described above. The mononuclear cell layer
was discarded and the upper third of the erythrocyte/granulocyte layer (richest in
eosinophils) was isolated. In 3 patients, these granulocyte preparations consisted of 43 %,
35 %, and 23 % eosinophils and 57 %, 65 %, and 77 % neutrophils, respectively, with a low
percentage of other non-granulocytic cells.

Extraction of myeloperoxidases from granulocytes. Granulocytes (neutrophils or
neutrophil/eosinophil mixtures) were lysed with 0.2 % Triton X-100 in 50 mM potassium
phosphate buffer pH 7. Protein was quantified using fluorescamine (Sigma-Aldrich,
Oakville, ON, Canada) (/47), an amine-reactive fluorophore, as described elsewhere (/48). 1
x10° neutrophils contained 50-70 pg protein. Myeloperoxidases were solubilized by the
addition of CETAB to 0.2 %. Extracts were vortexed for 15 s and used to measure
myeloperoxidase activity by the bromide-dependent chemiluminescence assay.

Extraction of myeloperoxidase from tumors. Subcutaneous mouse Mutatect tumors,
known to be infiltrated with neutrophils (70), were used for measurement of
myeloperoxidase by the bromide-dependent chemiluminescence assay. About 25% of each
tumor was fixed for histological analysis (see below) and the remainder was used to extract a
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cellular fraction (see section 3.5) for the analyses of myeloperoxidase and /Aprr mutation
frequency. The tumor fractions were centrifuged and resuspended in 0.2 ml PBS. Cells were
lysed by sonication and myeloperoxidase was solublized by addition of CETAB (0.2 % final)
followed by sonication. Protein was quantified using fluorescamine (/47), an amine-reactive
fluorophore, as described elsewhere (/48). Myeloperoxidase activity in the sonicated
extracts was measured by the bromide-dependent chemiluminescence assay described below.

Histological analysis of neutrophil infiltration in tumors. Fragments of mouse
tumors were transferred to an alcohol-based fixative (Genofix, DNA Genotek Inc.,
http://www.DNAGenoteck.com) and embedded in paraffin. Sections of 4 um were taken
and stained with Hemotoxylin and Eosin. The number of neutrophils in the tumor sections
was estimated by Dr. Jagdeep Sandhu as follows. A 2-mm grid was drawn on the coverslip
over the tumor section. Neutrophils in the comers of each square (~0.307 mm?) within the
grid were counted using a 40x objective. Depending upon tumor size. 5-to-14 squares were
chosen at random and scored for neutrophil count. Results were expressed as the mean
number of neutrophils per field.

Analysis of hprt mutation frequency. For complete analyses for the measurement of
number of Aprt mutations in Mutatect tumors see Chapter 3.

Extracts of HL-60 and 293T cells. Cultured HL-60 and 293T cells (from ATCC)
were lysed in 0.5 % Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin,
20 mM MOPS, pH 7.2. The lysates were incubated for 30 min on ice, and centrifuged at 12
000 xg for 20 min at 4°C. The supernatant was used to quantify total protein by
fluorescamine (/48) and to measure myeloperoxidase activity by the bromide-dependent
chemiluminescence assay.

Bromide-dependent chemiluminescence assay for myeloperoxidase activity.
Chemiluminescence was measured using a 1251 Luminometer (LKB-Wallac, Finland).
Assays were performed in 2 steps at 25°C in a total reaction volume of 1.0 ml in
luminometer polystyrene tubes. All manipulations were carried out under subdued lighting.
Each sample was assayed in triplicate and at 2 pHs, 5 and 7.5. Initial reaction mixture
consisted of 100 uM luminol, 10 mM DTPA (Fe (III) chelator), and 1 mM H,0; in either
pH 5 buffer (0.1 M sodium acetate) or pH 7.5 buffer (0.1 M sodium phosphate). Luminol
was maintained as stock of 20 mM solution in dimethyl sulfoxide; the presence of dimethyl
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sulfoxide (<2%) in the reaction mix had no effect on the chemiluminescence. Step [ was
started by the addition of 0-4 ug of CETAB-extracted proteins (from neutrophil/eosinophil
mixture or tumor extracts) and the tube was immediately transferred into the luminometer.
After a 30 s delay, the non-specific chemiluminescence signal was accumulated for 3 min.
For step 11, a bromide-dependent reaction was initiated by the addition of KBr to 5 mM and
another 3 min reading was taken. The myeloperoxidase-specific (bromide-dependent
chemiluminescence) reading was obtained by subtracting the non-specific step I reading
from the step II reading. One unit of myeloperoxidase activity is defined as the corrected

bromide-dependent chemiluminescence 3-min reading.

2.6. Results
2.6.1. Neutrophil extracts produce a bromide-dependent chemiluminescence signal

Based upon the unique ability of myeloperoxidase to oxidize bromide in the presence
of H;0,, a chemiluminescence assay was designed that would be able to distinguish non-
specific signals from myeloperoxidase-specific signals (Fig. 2.1). The specificity of this
assay for neutrophil myeloperoxidase was first tested using extracts from human
granulocytes containing >95 % neutrophils. The assay consists of 2 steps. The first step
uses a solution containing luminol, H,0,, and DTPA at pH 5 to which a myeloperoxidase-
containing sample is added. When neutrophil extract was added to this solution, a very low
non-specific chemiluminescence was produced (Fig. 2.1, inset). This signal was dependent
upon both H,0, and luminol (data not shown). In the second step, bromide is added to the
same solution. A significant increase in the chemiluminescence was produced following the
addition of bromide (Fig. 2.1). The addition of chloride in place of bromide did not affect
the chemiluminescence (Fig. 2.1), which was consistent with an earlier study suggesting that
the myeloperoxidase-H;0,-chloride system is almost inactive compared to the
myeloperoxidase-H,0,-bromide system at pH 5 (10). CETAB (<0.01%, final concentration)
had no effect on the chemiluminescence (not shown). HL-60 cells are malignant cells of the
myeloid lineage that contain myeloperoxidase (/49). A bromide-dependent signal was also
produced by extracts of these cells (data not shown). As a negative control, extracts of 293T
cells (an SV40-transformed cell-line of human kidney origin) were tested and, as expected,
produced no chemiluminescence signal. We also tested other peroxidase substrates
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FIGURE 2.1. The bromide-dependent chemiluminescence assay.

Chemiluminescence signal observed on addition of human neutrophil extract (arrow A;

100 ng protein) and either 5 mM of KBr or KCl (arrow B) to reaction mixtures containing
0.1mM luminol, 1 mM H,0,, 10 mM DTPA and 0.1 M acetate buffer (pH 5). See Materials
and Methods for other details. The points represent means + SD of triplicate experiments.
Inset: expanded view of step I (non-bromide-dependent) reaction.
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(lucigenin and ethidium bromide), but only luminol gave a strong bromide-dependent signal
(data not shown). Thus, these results show that neutrophil extracts can catalyze the bromide-

dependent chemiluminescence of luminol in the presence of H,O; at pH 5.

2.6.2. Source of the bromide-dependent chemiluminescence signal

Luminol-based chemiluminescence is widely used to assess the myeloperoxidase-
H,0,-chloride system and is believed to be a result of the enzymatic oxidation of chloride to
hypochlorous acid (HOCI) by myeloperoxidase followed by the chemical reaction of HOCI
and H,0, with luminol (/40-142, 150). In Fig. 2.2 we demonstrate that addition of
hypobromous acid (HOBr) and H>O> to luminol (in the absence of myeloperoxidase) also
produced a chemiluminescence signal. This signal was substantially higher than the HOCI-
dependent signal at pH 5 (Fig. 2.2). Neither H0;, HOCI nor HOBr added individually to
luminol produced a chemiluminescence signal. We therefore postulate that the bromide-
dependent chemiluminescence signal produced by neutrophil extracts in our assay (Fig. 2.1)
may result from the reaction of myeloperoxidase-generated HOBr and H>O, with luminol.

2.6.3. Use of the bromide-dependent assay to quantify human neutrophils

We next addressed the question as to whether the assay could be useful in estimating
the number of neutrophils. Extracts of pure human neutrophils were used for this analysis.
A linear correlation was seen between the bromide-dependent chemiluminescence and the
amount of CETAB-extracted protein from neutrophils, up to 0.4 pg per assay (Fig. 2.3). For

the linear portion of the curve, the following relationship was obtained:
B=910x (for 0.005 <x <0.45) [2.5]

where B is in units of myeloperoxidase activity and x is pg of neutrophil protein. We
determined that the protein content of neutrophils was about 60 pg per 108 cells (or 1 pg of
protein per 17,000 cells). Thus, the bromide-dependent assay can detect myeloperoxidase

corresponding to less than 100 human neutrophils.



FIGURE 2.2. Source of bromide-dependent assay.
Luminol-based chemiluminescence observed on addition of either 10 mM of HOCI or HOBr

to reaction mixtures containing 0.1 M acetate buffer (pH 5), 0.1 mM luminol with or without
0.5 mM H;0,. A 1-min reading was taken 30 s after addition of HOCI or HOBr. Points

represent means + SD of triplicate experiments.
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FIGURE 2.3. Neutrophil-derived bromide-dependent chemiluminescence signal.
Varying amounts of a human neutrophil extract were added to a standard bromide-dependent

assay. The points represent means + SD of three independent experiments.
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2.6.4. Specificity of the bromide-dependent assay for myeloperoxidases

A major problem of most myeloperoxidase assays is their inability to discriminate
between myeloperoxidase and other peroxidases and heme-containing proteins (/43). These
proteins can catalyze the oxidation of a variety of substrates by H;O,. To determine whether
a non-specific peroxidase or a hemoprotein is capable of producing a bromide-dependent
signal, we tested horseradish peroxidase and hemoglobin, since these proteins do not
catalyze the oxidation of halides to hypohalous acids. Although both horseradish peroxidase
and hemoglobin produced non-specific chemiluminescence signals in step I of the assay, no
bromide-dependent signals was seen on addition of KBr in step II of the assay (Table 2.1).
This indicated that our bromide-dependent assay could differentiate between
myeloperoxidase-specific and non-specific reactions. To examine whether horseradish
peroxidase or hemoglobin might interfere with the bromide-dependent signals produced by
myeloperoxidase, assays were carried out on human neutrophil extracts to which horseradish
peroxidase or hemoglobin was added (Table 2.1). The bromide-dependent signal of
neutrophil extracts was unaffected by the presence of either horseradish peroxidase or
hemoglobin. We conclude from these experiments that moderate levels of non-specific
peroxidases or heme-containing proteins do not interfere with the bromide-dependent assay

since only myeloperoxidases catalyze the oxidation of halides.

2.6.5. Ability of the assay to distinguish between eosinophil peroxidase and

myeloperoxidase
Both eosinophil peroxidase and neutrophil myeloperoxidase can catalyze the

oxidation of halides in the presence of H,O, and it would be desirable to distinguish the two.
To address this, we first tried to distinguish neutrophil myeloperoxidase and eosinophil
peroxidase signals using ATA, an inhibitor that has been shown to differentially inhibit the
activities of the two enzymes in spectrophotometric assays. In tetramethylbenzidine- and
guaiacol-based assays, it has been reported that 0.5 mM ATA inhibits 50 % of eosinophil
peroxidase activity while inhibiting only 5 % of neutrophil myeloperoxidase activity (/38),
an observation confirmed by us (data not shown). However, in our bromide-dependent
assay, 35 + 2 % inhibition of a myeloperoxidase-induced signal was seen. This was

attributed to an effect of ATA on the reaction of HOBr/H;O; with luminol since 31 £ 2 %
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TABLE 2.1: Non-specific and bromide-dependent chemiluminescence of luminol emitted
by extracts containing neutrophils, horseradish peroxidase, and/or hemoglobin

Luminol-based chemiluminescence signal

Protein extracts® (counts per 3 min)”

Non-specific Bromide-dependent
Neutrophils 90 +09 925 +22
Horseradish peroxidase 129 17 07 +74
Hemoglobin 53 9 0.1 +53
Neutrophils + Horseradish peroxidase 138 +4 930 +57
Neutrophils + Hemoglobin 54 +12 916 %15

3 Reactions were carried out in the presence of H>O; at pH 5 as described in section 2.5. The

values represent mean + SD of triplicate experiments.
® Contained 1 pg neutrophil proteins, 2.5 ng horseradish peroxidase and/or 2 ug hemoglobin.
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inhibition was seen in this protein-free reaction and 32 * 1 % inhibition was seen in HL-60-
induced bromide-dependent chemiluminescence. HL-60 cells contain myeloperoxidase but
no eosinophil peroxidase (/49). These results indicate that ATA could not be used for our
bromide-dependent assay to distinguish between the two.

We tested different pHs as a means to differentiate between eosinophil peroxidase
and myeloperoxidase. Based upon measurement of singlet oxygen production, it has been
shown earlier that the eosinophil peroxidase is more active than neutrophil myeloperoxidase
at neutral pH (/46), whereas neutrophil myeloperoxidase is more active at pH 5 (10). We
therefore compared reactions at pH 5 and pH 7.5. Since it is very difficuit to completely
separate neutrophils from eosinophils, it was necessary to use mixtures containing different
proportions of the two types of granulocytes as a source of the 2 peroxidases. AtpH 5, a
linear relationship was seen between the bromide-dependent chemiluminescence signal and
the percentage of neutrophils in the neutrophil/eosinophil mixture (total of 150 ng
granulocyte protein) (Fig. 2.4A). The equation of the line was

B=14a+06 [2.6]

where B is the bromide-dependent signal for 150 ng total granulocyte protein, and a is the
percentage of neutrophils and 100-a is the percentage of eosinophils. Assuming that the
extrapolation is linear, a bromide-dependent signal of 0.6 would be expected for 100 %
eosinophils. This suggests that eosinophils contribute very little to the bromide-dependent
signal at pH 5. At pH 7.5, a direct non-linear relationship was seen between bromide-
dependent signal and the percentage of eosinophils in neutrophil/eosinophil mixture (Fig.
2.4A), suggesting that both myeloperoxidase and eosinophil peroxidase are detected at this
pH, with a stronger signal contributed by eosinophils. The simplest way to estimate the
percentage of eosinophils in mixed granulocyte extracts is to plot of the ratio of the bromide-
dependent signals at the 2 pHs (Fig. 2.4B). The linear relationship seen was fitted by the

equation

E=94r+13 [2.7]
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FIGURE 2.4. Bromide-dependent assay to distinguish between myeloperoxidase and

eosinophil peroxidase.
A) Bromide-dependent signal generated using extracts containing the indicated ratios of

human neutrophils and eosinophils. Assays contained 150 ng of protein and were carried out
at pH 5 or pH 7.5. B) Ratio of the pH 7.5/pH 5 Br-CL signals as a function of percentage

eosinophils in the neutrophil/eosinophil mixtures. Points represent means * SD of triplicate

experiments.
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where E is the percentage of eosinophils and r is the ratio of pH 7.5 to pH 5 signal. This
equation was used to estimate the percentage of eosinophils in tumor-infiltrating

granulocytes (see below).

2.6.6. Quantification of neutrophils in Mutatect tumors using the bromide-dependent assay

To test the ability of our bromide-dependent assay to estimate neutrophil content in
vivo, 14 Mutatect tumors, known to have variable numbers of infiltrating neutrophils (70).
were analyzed. Myeloperoxidase was isolated from homogenates of these tumors and
quantified using the bromide-dependent assay at pH 5. The activity was compared with a
semi-quantitative estimate of neutrophils obtained by microscopically counting of
neutrophils in hemotoxylin and eosin-stained histological sections of the tumors (Fig. 2.5A).
A statistically significant positive correlation was seen between the semi-quantitative count
of neutrophils and the quantitative measurement of myeloperoxidase activity (r = 0.69, p <
0.01). In an independent experiment, we also compared the neutrophil level measured by
myeloperoxidase assay and by microscopic counting with the Aprr mutation frequency in 13
Mutatect :umors. As shown in Fig 2.5B, the correlation between mutations and neutrophil
content was much stronger when the myeloperoxidase assay was used (r = 0.89, p < 0.0001)
than 