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ABSTRACT

Over the last 30 years there have been numerous worldwide investigators involved in cancer research. Billions of dol-
lars have been spent on drug development and cancer research; however, with all of the new agents and modalities of
treatment, we have honestly not significantly improved the overall survival of the Stage IV cancer patient. There is and
will not be a magic bullet treatment, thus the extensive title of this paper. We are convinced that unless we use multiple
innovative therapies in combination with conventional treatment, we will never truly defeat this disease. We have at-
tempted to address this problem by presenting in detail some of these complex mechanisms involved in tumorigenesis,
progression, escape, and metastasis. Most investigators have their own special area of interest, but if we are to conquer
this scourge, we must develop an extensive, multifaceted, comprehensive approach. Hopefully this article will contri-
bute to awareness and further insight into this very serious and complicated problem, so we can improve quality of life

and improve the survival of the Stage IV cancer patient.

Keywords: Tumor Iron Metabolism; Mitochondrial Iron Metabolism; Mitochondrial Dysfunction; Tumor
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1. Introduction

Cancer is a very complex disease that can involve any
organ and tissue of the human body. The evolution of
cancer involves numerous complex molecular events and
is probably unique and different in each individual pa-
tient. Each cancer has unique characteristics, such as cau-
sation, tumor biology, methods of progression, and pre-
dicted response to therapy. However, all cancers have
certain similar mechanisms that control growth, progres-
sion, metastasis, and survival.

It is impossible and too complex to address and dis-
cuss all cancer growth mechanisms in one communica-
tion. Therefore, we decided to present three important
partners involved in the molecular events of tumorigene-
sis. These three partners are intertwined, tightly inte-
grated and complement each other. The roles they play in
tumorigenesis, cancer biology, growth and progression
are synergistic, and this synergism brings into play many
other molecular mechanisms that are involved in the
support of cancer growth, progression, metastasis, and ul-
timately death of the patient.

After nearly 40 years of research and treating breast
cancer patients, we have become convinced that the three
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major players in tumorigenesis are: 1) Tumor iron me-
tabolism; 2) Mitochondrial dysfunction; and 3) Tumor
immune suppression. One and two may be almost one
and the same and just different phases of the tumorigenic
process. All three players are integrated and supportive
of the other. The many events they control in cancer may
be sequential, but many of the molecular events probably
occur simultaneously. We suspect that an initial event in
tumorigenesis may be some slight dysfunction in iron
metabolism, and this will be supported by much of the
following discussion.

We will attempt to discuss each partner’s role sepa-
rately, and also show their integrated complimentary re-
lationship. This presentation will be supported by much
of our personal research as well as the research of other
investigators. This will be a difficult task because of the
many molecular events; and it is impossible to determine
which comes first, “the chicken or the egg™?

We could not start this journey without recognizing
the tremendous contributions of scientist like Ehrlich and
Warburg. We are amazed at their work and observations
done in their era, especially with the technology and equip-
ment then available. They were tremendous observers
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and innovators with an uncanny imaginative intellect.
The foundations of their contributions have stood the test
of time and are true today. This is a strong testament to
their research; and new research by present investigators
are confirming and expanding their ideas. This communi-
cation is a tribute to their amazing and important contri-
butions.

2. Iron Metabolism
2.1. Tumor lron Metabolism

Abnormal iron metabolism may be the main culprit and
player in tumorigenesis, as it is definitely involved in
tumor metabolism and cancer mitochondrial dysfunction.
Iron also plays a significant role in tumor immunosup-
pression. Thus, playing a role in the mechanisms and
function of all three partners in tumorigenesis.

Iron (Fe) is an essential metal vital for living cells [1-
3]. It is required by a large number of heme and non-
heme enzymes and proteins, which have essential func-
tions in oxygen transport and oxidative phosphorylation
[4]. Iron is a cofactor for ribonucleotide reductase, an
enzyme that converts ribonucleotides to deoxyribonu-
cleotides and thus is a key enzyme in DNA synthesis,
and it requires a continuous supply of iron to maintain its
activity [5,6]. Therefore, iron is directly associated with
cell proliferation.

Transferrin (TF), a bilobed glycoprotein is the chief
iron transport protein in mammalian blood. It has a mo-
lecular weight of about 78,000, and it transports iron
from sites of absorption and storage to sites of iron utili-
zation [7]. Iron bound TF specifically interacts with a
cell surface transferrin receptor (TFR1) that promotes the
transport of iron across the cell membrane by endocyto-
sis. The entire TF-TFR1 complex is internalized and then
the pH within the endosome decreases due to a proton
pump in the endosomal membrane. The acidic environ-
ment is around pH 5.5 and allows Fe’" atoms to disasso-
ciate from the complex [8]. The ferric (Fe’") is reduced
to the ferrous state by a ferrireductase and is then trans-
ported out of the endosome into the cytoplasm by the
divalent metal transporter-1 (DMT1). The apo-TF-TFR1
complex is then recycled back to the cell surface and
apo-transferrin is released into the bloodstream (Figure 1)
[9].

The transferrin receptor (TFR) was purified and char-
acterized in 1979 [10,11]. Lazarus and Baines [12] do-
cumented that transferrin receptors were present on ma-
lignant and proliferating cells in high numbers; while
Shindleman et al. [13] demonstrated the presence of
TFRs in breast carcinoma by a sophisticated cytoche-
mical technique. Our earlier work in rats with malignant
tumors confirmed the importance of iron bound transfer-
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Figure 1. The transferrin cycle and the transferrin receptor
1-mediated cellular iron uptake. Diferric transferrin (holo-
transferrin) binds to transferrin receptor 1 at the cell sur-
face. The complex is endocytosed in clathrin coated pits,
and the endosome is then acidified by action of a proton
pump. Iron is released from transferrin and transported
out of the endosome via the DMT1 (divalent metal trans-
porter 1) into the cytosol labile iron pool. Apotransferrin
and transferrin receptor 1 return to the cell surface where
they dissociate at neutral pH and are available for another
iron cycle. Intracellular iron is used by ribonucleotide re-
ductase for DNA synthesis, incorporated into heme or
stored in ferritin.

rin in malignancy [14]. It was revealed by electron para-
magnetic studies on serum and tumor tissue, low serum
levels and very high tumor tissue levels of iron bound
transferrin during the peak of tumor growth. Importantly
when the rat lymphosarcoma was inhibited by treatment
with cis-dichloro-diamine platinum (II), the serum and
tissue iron bound transferrin rose and dropped respect-
tively [15].

In 1993, we [16] reported on the role of iron metabo-
lism in breast carcinoma. This was an extensive cyto-
chemical, tissue culture, and ultrastructural study. This
study demonstrated that the iron storage protein ferritin
was increased and located in the cytoplasm of the tumor
cells. It also confirmed that transferrin could be used as a
carrier to target toxic therapy selectively to tumor tissue.
There was strong evidence that our platinum transferrin
complex (MPTC-63) decreases metallothionein synthesis,
resulting in a decrease of superoxide dismutase activity.
The decrease in superoxide dismutase activity within the
cell results in increased susceptibility of the cell to su-
peroxide anions and other free radicals. Pre-treatment
with MPTC-63 followed by drugs known to generate free
radicals show a synergistic response. In 1988, we re-
ported a preliminary evaluation of a platinum transferrin
complex MPTC-63 as a potential nontoxic treatment for
breast cancer [17]. This was an in vivo study in the hu-
man and Fischer rat. This study confirmed the efficacy of
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the complex and proved it was targeted to tumor tissue
and not to normal tissue (Figure 2). This was one of the
first demonstrations of selectively delivering cytotoxic
biotherapy to tumor cells effectively without systemic toxi-
city for the host.

Shpyleva and Tryndyak ef al. [18] have recently re-
ported on the role of ferritin alterations in human breast
cancer cells. They showed that a downregulation of fer-
ritin was associated with an increased sensitivity of
MDA-MB-231 cells to the chemotherapeutic agent do-
xorubicin. This suggested that perturbation in ferritin le-
vels are associated with the progression of breast cancer
toward a more malignant phenotype. It has also clearly
indicated the link between dysregulation in intracellular
iron metabolism and the aggressiveness of breast cancer.
Increased intracellular ferritin levels may be a critical de-
fense mechanism in cancer cells to protect against iron-
induced toxicity providing a more favorable environment
for progression of cells to a more malignant phenotype.
Alkhateeb and Connor [19] have shown in a poster pres-
entation at the 2011 AACR meeting that ferritin binds
cancer cells and tissue, and it promotes proliferation in-
dependently of iron content. We believe that ferritin may
also be an intracellular source of iron for DNA synthesis
in cancer cells.

Cheng and Zak [20] have described in detail a sophis-
ticated study on the structure of the human transferrin
receptor-transferrin complex (TFR-TF). Although much
is understood of the transferrin endocytic cycle, little has
been uncovered on the molecular events underlying the
formation of the receptor-transferrin complex. By using
cryo-electron microscopy, they produced a density map
of the TFR-TF complex at subnanometer resolution. An
atomic model was obtained by fitting crystal structures of
diferric TF and the receptor ectodomain into the map.
This showed that the TF N-lobe is sandwiched between
the membrane and the TFR ectodomain and the C-lobe
abuts the receptor helical domain. When TF binds the

Tissue Concentration of Platinum in Breast Cancer
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Figure 2. Shows that platinum was concentrated at higher
levels in breast cancer tissue than normal breast tissue. This
confirmed that the cisplatin transferrin complex was tar-
geted to the tumor tissue.
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receptor, its N-lobe moves about 9A with respect to the
C-lobe. The structure of the TFR-TF complex explains
for known differences in the iron-release properties of
free and receptor bound TF.

The Penichet group from UCLA have done a great job
in reporting on the role of the TFR in cancer [21,22].
They discuss the elevated levels of the TFR in malignan-
cies, its relevance in cancer, and that the extracellular
accessibility of this molecule make it an excellent anti-
gen for the treatment of cancer using antibodies [21].
They show that the TFR can be targeted by monoclonal
antibodies specific for the extracellular domain of the
receptor. These cytotoxic antibodies targeting the TFR
inhibit cell growth, and also induce apoptosis in the tar-
geted malignant cells [21]. In Part II of their work on
targeting the TFR, they discuss in detail targeted delivery
of many different therapeutic agents into cancer cells
[22]. Their work confirms the rationale of targeting the
TFR for cancer treatment. Conventional chemotherapeu-
tic drugs frequently fail to eliminate the tumor, and when
effective, systemic toxicity is often severe. These prob-
lems are overcome by designing targeted therapies. This
can be done by binding or conjugating cytotoxic agents
to TF or directing antibodies and antibody complexes to
the TFR. Daniels and Ortiz-Sanchez et al. [23] of the
Penichet group have shown the tremendous importance
of the TFR in B-cell malignancies. They showed in vitro
and in vivo efficacy of an antibody multifaceted approach
targeting the human TFR for the treatment of B-cell ma-
lignancies.

Habashy, Powe, and Staka et al. [24] have shown that
the TFR (CD71) is a marker of poor prognosis in breast
cancer and can predict response to Tamoxifen. The CD71
protein expression was evaluated in a series of patients
with invasive breast cancer using tissue microarrays. The
results demonstrated a marked elevation of TFR (CD71)
in all cell models of acquired resistance. CD71 by multi-
variate analysis was found to be an independent prognos-
tic indicator in the ER (+) (estrogen receptor positive)
cohort of patients. We [25] have shown marked inhibit-
tion in the growth of human breast carcinoma cells by an
antisense oligonucleotide targeted to the TFR gene, again
supporting the role of cellular iron import mechanisms in
cellular cancer metabolism.

We later reported that the manipulation of iron trans-
porter genes results in the suppression of human and
mouse mammary adenocarcinomas [26]. Besides the
TFRs, other iron importers, including SLC11A2 (also
known as DMT1, NRAMP2, and DCT1) have been iden-
tified in the tissues where major iron uptake occurs, in-
cluding duodenal enterocytes, placental trophoblast, ma-
crophages, and hepatocytes. SLC11A2 transports iron
into cells, which makes it a likely candidate for transfer-
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rin—independent iron uptake [27,28]. Some cells also
express iron exporter genes and have the iron exporter
ferroportin. This exporter is essential for iron homeosta-
sis and transports iron out of cells. We found that iron

increased the expression of SLC11A2 mRNA in MCF-12.

A normal epithelium and MCF-7 cancer cells, but the
MCF-7 cancer cells had significantly higher levels of
SLC11A2 than the MCF-12A normal cells. Interestingly
expression of the iron exporter gene SLC40A1 was lost
in the MCF-7 cells and reflects an increased demand for
bioavailable iron and a high turnover in breast cancer
cells (Figure 3) [26]. The results of our study on iron
transporter genes demonstrated that human breast cancer
cells obtain their iron requirements through the upregula-
tion of the expression of iron importer genes TFR and
SLC11A2, with downregulation of the iron exporter gene
SLC40A1 (Figure 4). We concluded from this study that
complete blocking of all iron importer gene pathways
would produce maximum iron depletion and better tumor
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Figure 3. Electrophoresis of RT-PCR products for analysis
of ferroportin mRNA expression in MCF-7 human breast
cancer cells and MCF-12A normal human mammary epi-
thelia. The MCF-7 cancer cells do not express ferroportin.
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Figure 4. Shows that mRNA expression of all iron importer
genes are elevated in the MCF-7 cancer cells over the
MCF-12A normal cells, while the MCF-7 cancer cells have
lost the expression of the iron exporter ferroportin.
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inhibition. In addition, increasing expression of the iron
exporter gene SLC40A1 by transfection of cancer cells
with a plasmid containing the SLC40A1 gene could en-
hance the effect of iron deprivation of cancer cells, thus
inhibiting their proliferation. Therefore, depleting iron
through a combination of reduced uptake and increased
export might become a viable method of cancer therapy.
We have also shown the inhibitory effect of deferox-
amine mesylate and low iron diet on the 13762 NF rat
mammary adenocarcinoma confirming the need for iron
in cell replication [27]. Another study by us [28] demon-
strated the induction of apoptosis by iron depletion in the
human breast cancer MCF-7 cell line and the 13762 NF
rat mammary adenocarcinoma in vivo. In another study
[29] we discussed in detail antineoplastic drugs that in-
terfered with iron metabolism in cancer cells, and
showed that doxorubicin drug resistance could be re-
versed by a doxorubicin transferrin conjugate (Figures 5
and 6). All these studies emphasize the importance of iron
in the growth and proliferation of cancer cells; and sup-
ports the concept of attacking and disrupting tumor iron

Resistant Cells

Sensitive Cells

Figure 5. Fluorescent micrographs of Doxorubicin treated
sensitive and resistant cell lines. The drug does not enter the
nucleus of the resistant cells on the right.

Resistant Cells

Figure 6. Fluorescent micrographs of the Dox-Ga-transfer-
rin complex on sensitive and resistant cell lines. Demon-
strates that the complex is evenly distributed in both cell
lines and reverses drug resistance.
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metabolism by the combined targeting of multiple me-
chanisms of action. To better understand tumor iron me-
tabolism we need to understand normal iron metabolism.

2.2. Systemic and Cellular Iron Metabolism

Systemic and cellular iron metabolism are tightly regu-
lated and an important player in homeostasis is the hor-
mone hepcidin. Hepcidin is a peptide hormone secreted
from the liver [30]. Hepcidin has been shown to down-
regulate ferroprotein. It causes internalization and deg-
radation of ferroprotein, and this is an important step in
the homeostatic loop [30]. Excess iron in the diet stimu-
lates hepcidin secretion which reduces Fe uptake into the
bloodstream and promotes iron storage in ferritin [31].
Yu, Kovacevic and Richardson [32] have presented a
great review on iron regulation of the cell cycle. They
discuss in detail many complex molecular events in cel-
lular iron metabolism from uptake to storage. They also
discuss the prospect of iron as a possible therapeutic
strategy for cancer treatment. The effect and efficacy of
different iron chelators on growth inhibition of cancer
was evaluated. The main group of molecules involved in
the regulation of the cell cycle and the molecular targets
of iron chelators and their effects on the cell cycle was
discussed.

Hentze, Muckenthaler, Galy, et al. [33] have published
a great review on the regulation of mammalian iron me-
tabolism. They state that iron metabolism is tightly ba-
lanced by two regulatory systems the systemic and the
cellular. The systemic system relies on the iron hormone
hepcidin and the iron exporter ferroportin. The cellular
system is controlled through iron-regulatory proteins that
bind iron-responsive elements in regulated messenger
RNAs. They describe how the two systems “tango” to-
gether in a coordinated manner. Hepcidin plays a role in
inflammation and stress, and the inflammatory cytokines
IL-1 and IL-6 are potent stimulators of hepcidin expres-
sion. Endoplasmic reticulum (er) stress also increases
hepcidin expression [34]. Weizer-Stern et al. [35] have
suggested that iron deprivation and increased hepcidin
expression could represent defense mechanisms against
excessive cell proliferation and cancer. Ganz and Nemeth
[36] have also shown that hepcidin secretion by the liver
is stimulated by high iron levels and inflammatory cyto-
kines like IL-6.

Much of the above evidence on hepcidin function has
led us to believe that the hepcidin-ferroportin axis may
be a target for cancer therapy. We also suspect that some
type of dysregulation of hepcidin function or expression
may contribute to dysfunction in iron metabolism and
thus promote tumorigenesis. It is definite that iron plays
a significant role in the proliferation, growth, and pro-
gression of cancer. Therefore, because mitochondrial
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iron metabolism may be the cradle of all iron meta-
bolisms; we must address mitochondrial iron metabolism
before embarking on the section of mitochondrial dys-
function in cancer.

2.3. Mitochondrial Iron Metabolism

Mitochondria are essential for iron metabolism, and a site
for iron sulfur (FeS) cluster biosynthesis, and the only
site for heme synthesis.

Richardson, Lane, and Becker et al. [37] have done a
tremendous job reporting on the mitochondrial iron traf-
ficking and the integration of iron metabolism between
the mitochondrion and cytosol. It is somewhere in this
integration of iron metabolism between the mitochon-
drion and the cytosol where we believe some dysfunction
takes place that initiates mitochondrial dysfunction which
contributes to the process of tumorigenesis. With so many
molecular events and pathways involved this will be dif-
ficult to prove.

The mitochondrion is well known for its key role in
energy production, electron transport, oxygen transport,
and deoxynucleotide synthesis, but it is not well appreci-
ated that it is a focal point of iron metabolism. There is
very little known about the regulation of iron uptake by
the mitochondrion, and how this is merged with iron me-
tabolism in other organelles and the cytosol. The disco-
very of proteins involved in mitochondrial iron transport
(mitoferrin 1 and 2) and storage (mitochondrial ferritin)
has revealed that a communication exist between iron
metabolism in the mitochondrion and the cytosol [37].
Intracellular iron transport and communication with the
mitochondrion is complex, but once iron is transported
out of the endosome by DMT]I, it enters the labile and
chelatable iron pool with complexes like iron citrate [38,
39].

This evidence is supported by studies with chelators
that mobilize iron from cells [40,41]. Some believe that
some of these compounds could remove iron from pro-
teins and organelles because they chelate iron from low
cytosolic M complexes [42]. An intimate direct transfer
of iron from TF to the mitochondrion has been proposed
to occur [43,44]. The direct transport of iron from the
endosome into the mitochondrion has been described as
the “kiss and run mechanism” [44,45].

The exact molecular events involved in the contact
between the endosome and the mitochondrion are un-
known, but molecules involved in regulating the cytoske-
leton, such as MRCKa [46], docking complexes myosin
Vb [47], and also vesicular docking (e.g. Sec 11) play a
role [48,49]. We believe that any minor dysregulation in
the communication of iron between the mitochondrion
and cytosol, mitochondrial iron import and mitochondrial
iron metabolism definitely may lead to mitochondrial
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dysfunction and thus contribute to tumorigenesis. We
will now embark on the journey of evaluating what is
known about the possible role of mitochondrial dysfunc-
tion in tumorigenesis.

3. Mitochondrial Dysfunction

It is at this time we must briefly mention the work and
contributions of Paul Ehrlich and Otto Warburg. Paul
Ehrlich’s magic bullet theory has inspired many genera-
tions of scientist to explore numerous molecular cancer
therapeutics. He connected chemistry to biology and me-
dicine; and predicted the existence of specific cell recap-
tors [50]. Otto Warburg in the 1930s, described a link
between defects in mitochondrial physiology and tumori-
genesis. He observed a significant increase in glycolysis
and lactate production in the presence of oxygen without
an increase and an occasional decrease in oxidative phos-
phorylation [51,52]. This phenomenon is known as aero-
bic glycolysis or the “Warburg effect” and is well docu-
mented in tumor cells. The work of the above two scien-
tists has contributed much to the field of tumorigenesis,
and those of us in the field should be extremely grateful
for their contributions.

In 2005 Gottlieb and Tomlinson [53] did a tremendous
job reporting on mitochondrial tumor suppressors with a
genetic and biochemical update. They mention the work
of Warburg, but it was 60 years after Warburg that the
first genetic evidence that might explain the mechanisms
of aerobic glycolysis was reported. There were many
tumors shown to contain somatic mutations in mitochon-
drial DNA (MTDNA) [54,55]. It is thought that most are
homoplastic and the outcome is non-functional oxidative
phosphorylation, causing cells to increase glycolysis, the
only other avenue for ATP (adenosine triphosphate) syn-
thesis. However, there is limited evidence that indicates
mitochondrial mutations might directly promote tumori-
genesis [56,57]. There are some mitochondrial proteins
encoded by nuclear genes that can be tumor suppressors,
some are involved in benign and malignant tumors. Two
of the proteins are the enzymes succinate dehydrogenase
(SDH) and fumarate hydratase also known as fumarase.
Both of these enzymes are involved in the Kreb’s cycle
that connects glucose metabolism in the cytosol to mito-
chondrial oxidative phosphorylation. The inhibition of
SDH has been linked to the induction of the hypoxic-
inducible factor (HIF). HIF is a transcription factor in-
duced under low oxygen conditions [58]. SDH inhibition
causes an accumulation of succinate, which transmits an
oncogenic signal from the mitochondria to the cytosol,
which inhibits HIF-a prolyl hydroxylase (PHD) activity
leading to the stabilization of the HIF-1a subunit at nor-
mal oxygen levels. The result is the transcription of
genes involved in tumorigenesis, such as, the angiogene-

Copyright © 2012 SciRes.

sis factor vascular endothelial growth factor (VEGF). There-
fore, succinate has been identified as a new intracellular
messenger through discovery of the mitochondrion cyto-
sol pathway (Figure 7).

Gottlieb and Tomlinson [53] have done a great job of
discussing the link of mitochondrial dysfunction to can-
cer and we will now present some important aspects of
their findings. The TCA cycle (tricarboxylic acid cycle
also known as the Krebs cycle) is fundamental to the
bioenergetics of cells, however, it is not exactly known
how TCA dysfunction leads to cancer. To address that
problem, they proposed several models. They included de-
creased programmed cell death (apoptosis), increased pro-
duction of reactive oxygen species (ROS), and active-
tion of a hypoxia-like pathway under normoxic condi-
tions (pseudohypoxia). Though impossible to distinguish
between these options as they interact with each other,
which leads to a complex grid of tumor regulatory sys-
tems. They still provided evidence to support the role for
each of these three models in mitochondrial dysfunction
induced tumorigenesis.

3.1. Apoptosis

Mitochondria play a central role in many apoptotic pro-
cesses [59]. They have a crucial role in bioenergetics, but
they are also a repository for several apoptogenic pro-
teins, such as, cytochrome c, an appropriate signal causes
release of these apoptogenic factors from the mitochon-
dria to activate apoptosis. Interestingly mitochondria
change their shape and bioenergetic performance during
apoptosis [59,60]. The entire mitochondrial physiology is
affected by many master regulators of apoptosis [61,62].

O, and o-ketoglutrate -
OH OH
PHD
Fe?*—Ascorbate
ROS ?

Succinate
Succinate
and CO,

Figure 7. Mitochondrial dysfunction related to proyl hy-
droxylase (PHD) and hypoxia inducible factor activation.
PHD hydroxylation requires oxygen and a-ketoglutarate as
substrates and ferrous iron (Fe*") and ascorbate as co-fac-
tors. If cells are deficient in succinate dehydrogenase, the
increase succinate inhibits PHD leading to stabilization and
activation of HIF-1e resulting in the transcription of genes
involved in tumorigenesis.
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It is possible that the TCA cycle or ETC (electron trans-
port chain) dysfunction could give rise to apoptotic re-
sistant cells, thus giving rise to tumor development, and
there have been several observations supporting this mo-
del [63,64]. Though complicated, an explanation of mi-
tochondrial dysfunction causing a persistent apoptosis in-
hibiting effect may be upregulation of glycolysis and an
alternate energy production metabolic pathway. Oxida-
tive phosphorylation occurs at lower levels because of
other mtDNA (mitochondrial DNA) mutations or inacti-
vation of the TCA cycle. This becomes a problem for
tumor cells as they have increased levels of protein and
DNA synthesis. Glycolysis becomes the only other source
of ATP in the tumor cells [65]. The glycolytic enzymes
induced may regulate other cellular processes that in-
clude blocking of apoptosis [66,67]. Enabling cells to
increase glucose metabolism might inactivate mitochon-
drial tumor suppressors and contribute to a persistent
antiapoptotic effect.

3.2. Redox Stress

There is a paradox in the studies above [63,64], that link
inactivation of SDH to apoptosis, with a reduction in
SDH activity there is associated increased production of
ROS. Both studies showed that oxidative stress is the
cause of acute apoptotic response in SDH deficient cells.
Ishii et al. [64] have indicated that ROS has an additional
role in the progression of tumors. They have shown that
oxidative damage to nuclear DNA may lead to muta-
genesis and observed the conversion of immortal fibro-
blast to transformed cells capable of generating tumors.
However, this was more difficult in SDH-inhibited cells
and these cells had to be incubated in culture for three
months to become transformed. The long term culturing
of wild type fibroblast were more malignant than tumors
generated from the SDH inhibited cells (benign). This is
inconsistent with the role of ROS and decreased apop-
tosis [56,57]. Storz [68] has stated that the role of ROS in
inducing apoptosis is well documented; but it will be
important to investigate the role of redox stress in pro-
moting tumorigenesis in general, as well as, particularly
in SDH deficient tumors.

3.3. Pseudohypoxia

This particular model implies a link between inactivation
of SDH and initiation of the hypoxic response under
normoxic conditions. This hypoxic response is mediated
by the oxygen sensor HIF transcription factor. The HIF
transcription factor is a heterodimeric complex com-
prised of HIF-a and HIF-£ subunits [69]. HIF-a protein
levels are oxygen regulated, whereas HIF-f is expressed
constitutively. HIF physiological function is to promote
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the adaptation of cells to low oxygen conditions. This is
done by inducing glycolysis as an anaerobic alternative
to oxidative phosphorylation and by inducing angiogene-
sis to facilitate nutrient and oxygen supply into the hy-
poxic tissue [70]. This is also important for tumor growth
and survival.

There is much evidence to connect SDH-deficient tu-
mors to oxygen sensing in general and particularly to
HIF. Cells commonly developing SDH deficient tumors
are chromaffin cells of the adrenal gland (paraganglial
cells, pheochromoctyoma and carotid body tumors re-
spectively). These neural crest cells secrete catechola-
mine in response to low oxygen tension and are defi-
nitely part of the physiological oxygen sensing detection
system during adulthood and in fetal development [71,
72]. There are numerous other type tumors that involve
SDH-deficient or FH deficient tumors and others with
genetic mutations in the VHL gene (von Hippel-Lindau)
that are beyond the scope of this communication. How-
ever, it is important to note that germline mutations in
these genes can lead to development of clear cell renal
cell carcinoma and pheochromoctyoma [73,74].

We believe it is imperative that we address some of
the advantages that pseudohypoxia gives to tumors and
there are many that give these tumors an advantage for
growth and survival, as well as, resistance to therapy.

First hypoxic regions in tumors select more aggressive
cells that favor that environment [75]. The fact that these
cells survive and grow in hypoxic conditions is depend-
ent on HIF, which makes it an attractive target for cancer
therapy [76]. HIF induced tumorigenesis stimulate me-
chanisms that induce genes that facilitate neovasculariza-
tion, promote aerobic glycolysis and block apoptosis,
aerobic glycolysis allows cells to increase energy pro-
duction in the absence of oxidative phosphorylation. This
allows these cells to survive and proliferate in a stressful
environment [77]. The increased blood supply provides
needed nutrients to the tumor. HIF involvement in apop-
tosis is less understood and may be cell type specific and
dependent on the tumor microenvironment [78]. How-
ever, Shidara, Yamagata, and Kanamori ef al. [57] have
done a great job of reporting on the positive contributions
of pathogenic mutations in the mitochondrial genome to
the promotion of cancer by prevention from apoptosis.
This was an extensive study involving the isolation and
culture of cybrid cell lines and their cultures involved,
detection of mutant mtDNA, measurement of oxygen
consumption, transplantation of cybrids to form tumors
in nude mice, histology, plasmid construction and trans-
fection immunologic techniques, detection of apoptosis,
and statistical analysis. This was a very detailed and in-
teresting article worth the reader reviewing and because a
physiologic advantage of two mutant mtDNAs in tu-
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morigenesis was revealed for the first time, it was felt
that investigations of mtDNA will be very important in
conquering cancers. Ma, Bai, Trieu, and Wong [79] have
also reported on mitochondrial dysfunction in human
breast cancer cells and their transmitochondrial cybrids.

Frezza, Pollard, and Gottlieb [80] have done a com-
prehensive study of inborn and acquired metabolic de-
fects in cancer. They state that during the last decade, the
identification of loss or gain of function mutations in key
metabolic enzymes with a causal role in tumorigenesis
has done much to awaken interest in Warburg’s hypothe-
sis. They discuss the molecular link between TCA cycle
and HIF activation, and that accumulation of succinate in
SDH deficient cells causes an inhibition of prolyL hy-
droxylases (PHDs) that are regulators of the stability of
HIF-1a. During normal oxygen conditions PHDs hy-
droxylate two proline residues on the oxygen dependent
domain for HIF-la degradation targeting it to protea-
some ubiquitin degradation. This hydroxylation requires
a-ketoglutarate and oxygen and produces carbon dioxide
and succinate. The excess succinate in SDH deficient
cells inhibits activation of PHDs and leads to stabiliza-
tion of HIF-1a under normoxic conditions or so called
pseudohypoxia. HIF-1a with HIF-14 enters the nucleus
and signal genes involved in tumorigenesis especially
those involved in angiogenesis, etc. Biochemical studies
revealed that PHD activity is competitively inhibited by
succinate and fumarate, and that the ratio between succi-
nate and a-ketoglutarate rather than absolute concentra-
tions of these metabolites dictates PHD activity. This
information lead MacKenzie et al. [81] to use cell per-
meable esters of a-ketoglutarate to reactivate the enzy-
matic activity of PHDs, thus inhibiting pseudohypoxia
caused by the accumulation of succinate or fumarate [81,
82]. For a more complete discussion of all these complex
mechanisms of inborn and acquired metabolic defects in
cancer we recommend the excellent article by Frezza et
al. [80]. For those readers interested in a detailed discus-
sion of mitochondrial and nuclear genes of the mito-
chondrial components in cancer, we suggest a great arti-
cle by Kirches [83] published in Current Genomic in
2009.

Another great paper is entitled “Mitochondria in Can-
cer: At the Crossroads of Life and Death” published by
Fogg, Lanning, and MacKeigan [84]. They do a very
good job in discussing mitochondrial processes that play
an important role in tumor initiation and progression.
They have a unique way of explaining complex mecha-
nisms in a simplified manner, a difficult task for most
scientists. In their review they focus on three critical
processes by which mitochondrial function may contri-
bute to cancer. These three critical processes are: Altera-
tions in glucose metabolism, production of reactive oxy-
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gen species (ROS), and the compromise of intrinsic
apoptotic function. It is an excellent article that covers a
broad range of mitochondrial dysfunction and its contri-
bution to tumorigenesis. This read is very much recom-
mended.

In the next section we will embark on the complex and
very paradoxical third partner in this tumorigenic rela-
tionship, which is “Tumor Immunosuppression”. We will
attempt to present a reasonable discussion of a very di-
verse, complex, and confusing topic. It will be impossi-
ble to discuss every mechanism and pathway involved in
tumor immunosuppression, but we will attempt to ad-
dress as many of the most important immunosuppressive
mechanisms as possible, especially those of the tumor
microenvironment.

4. Immunosuppression

4.1. Tumor Immunosuppression and Escape
Mechanisms

Cancer immunology is extremely complex and there are
many molecular interactions between the tumor, tumor
microenvironment, and the host. William Coley noted the
fact that the immune system plays a role in inhibition of
cancer progression in the late 1800s [85]. He contributed
much to our knowledge of the role of the innate immune
system and tumorigenesis, especially to our knowledge
of sarcomas. His work created an interest in exploring
the concept of cancer immunotherapy. Attempts to sti-
mulate the immune system are not new, however, suc-
cess has been limited and disappointing. Most of the
early trials of cancer immunotherapy involved only some
type of vaccine usually in patients with advanced bulky
disease. There was no attention paid to host immunity
and other tumor immunosuppressive mechanisms, there-
fore, results were poor and frustrating. We believe for
cancer immunotherapy to be efficacious, it will take out
of the box thinking and a combined approach. We must
attempt to stimulate and inhibit arms of the immune sys-
tem, and tumor escape mechanisms in the host and tumor
microenvironment at the same time (Tables 1-4). We
have so stated this in an article about combination cancer
immunotherapy, recently published [86]. Another prob-
lem, in our opinion, is that the medical oncology com-
munity has been too involved with the tumor, stage of
disease, and tumor biology and has ignored the host with
the disease [87]. Before discussing some direct tumor
and tumor microenvironment immunosuppressive me-
chanisms, we first should address the overlooked host
immunity and escape mechanisms that are not directly
related to the tumor. These mechanisms are initiated by
stress of diagnosis, work-up, and treatment of the disease.
This was recently emphasized in an article we published
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Table 1. Creating immunity.

Table 3. Achieving a good effector system.

What Do We Have to Do?

e  Excite healthy innate immune system

e Stimulate and manipulate the adaptive immune system
e Disrup the tumor microenvironment escape mechanisms
Things Necessary for Successful Cancer Immunotherapy

e Healthy turned on innate immune system (pre-existing immunity)?
Calreticulum

e Dying tumor cells (HMGBI1)—Binding to TLR4-required for
crosspresentation of tumor antigens

e  Great effector system

o Ineffective suppressor system

e Disruption of the tumor microenvironment and escape,
mechanisms

All of the above are intertwined and very related.

Table 2. Good effector system.

For Good Effector System

e Identify potent tumor associated antigens (TAAs)

e Ensure proper antigenic presentation and processing by APCs and
dendritic cell-{(HMBG1) —»TLR4

e Which help promote maturation of APCs (IL-12) —what’s
responsible for tumor regression by Coley’s Toxin

e Proper activation and stimulation of CD; helper cells and CD;

cytotoxic T-lymphocytes (must have good immune synapse), MHC
I and II molecules

e Proper proportion of cytokines and co-stimulatory molecules

entitled: Cancer Immunotherapy More than Vaccines;
“Psychoneuro-Immunooncology: Cancer, the Host, and
the Surgeon” [88]. It is important to mention and discuss
some of the very real immunosuppressive mechanisms
before attacking the direct tumor and disease escape
mechanisms. The latter are vast, complex and confusing,
and many are paradoxical, and a few are organ specific.
We believe if we are to improve the results of cancer
immunotherapy, we must consider a combined multifac-
eted approach and these host and indirect escape mecha-
nisms must be addressed.

The role of stress on the host immune system is too
often overlooked, but it can be very detrimental espe-
cially when the immune system is probably already com-
promised. The diagnosis of cancer initiates a tremendous
cascade of stressful events in the patient, all which im-
pact cell mediated immunity (CMI). Therefore, tumor
escape has already begun before the diagnosis; and is
potentiated at diagnosis by stress associated with that
diagnosis. The fact that tumor immunosuppression is
already in place early in the disease is supported by the
theory of immunoediting. Dunn et al. [89] have reported
on cancer immunoediting from immunosurveillance to
tumor escape, as have Kim et al. [90], both excellent
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Things to Do to Possibly Achieve a Good Effector System
A. Identify tumor specific antigens
B. Upgrade these antigens:

1. CPG/DNA

2. Antisenses

3. Heat shock proteins (HSP)

4. Deliver more antigens by tumor targeting

a. Transferrin targeting technology

i. Slow cell death—release HMGB1—help pre-existing
immunity-promote mobilization of calreticulin to tumor cell
surface

b. Nanoparticles
¢. Monoclonal antibodies

d. Xenogenization (selectively make cancer an autoimmune disease)
5. Make tumor more immunogenic by combination therapy with
chemotherapy and radiation (time very important)
a. (HMGBI) release—>TLR4—induce TLR dependent immunity
(chloroquine may help this response)
C. Use vaccine with appropriate antigens and good biological adjuvant
D. Intradermal injection at lymph node bearing area [femoral triange
(intradermal better than subcutaneous)]
E. Ensure maturation of APCs (slow release of GM-CSF) and IL-12
also create pre-existing immunity

F. Test for proper T-cell activation (LBA)
G. Expand effector T-cell population (?IL-2)

H. Get CTLs to the tumor sites

1. Might be able to target CTLs to specific tumor site (ideas?) bite
technology?

2. This would be enhanced by HSPs, some cytokines, acute
inflammation (CPG/DNA), turn on the innate immune system

All of the above are intertwined and very related.

Table 4. Relation and integration of the suppressor side
escape mechanisms.

The Suppressor Side, Tumor Microenvironment and Escape Mecha-
nisms are Very Integrated and Related

A. Inhibit and delete regulatory T-cells (Foxp3)

B. Address dysfunctional T-cells (player are COX-2—PGE-2,
cAMP—PKAI—LuK—Csk)

C. Create better environment by delivering IL-7 and IL-12

D. Attack the stroma

1. TAF

2. VEGF and tumor vascular endothelium directly (adhesion
molecules)

3. Inhibit IDO, Arginase, IL-10, IL-6, TGF-f, and NOS
4. Supply proper nutrients, Arginine + Tryptophan

W

. Decrease tumor Fe concentration because Fe inhibits NK cell
function

6. Inhibit STAT3 in APCs at time of inducing acute inflammation

7. Inhibit antigen presentation attenuators

oo

. What about soluble T-cell receptors? If so, what role do they have?
Are they present?

9. Myeloid derived suppressor cells
10. HIF-1 and glucose metabolism (resistance)
11. Address HLA-G expression
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articles. The concept of cancer immunoediting consist of
three phases designated as: 1) elimination, 2) equilib-
rium, and 3) escape. During the elimination phase the
immune system recognizes and destroys tumor cells.
Later in the elimination phase there is only partial de-
struction of tumor cells, and a period of equilibrium de-
velops between the tumor and the immune system. Dur-
ing this time the tumor remains dormant but continues to
evolve and accumulate further changes, like DNA muta-
tions and epigenetic modifications. This leads to the se-
lection of tumor cells that are able to suppress and escape
the immune systems antitumor response. This becomes
the escape phase where the immune system can no longer
inhibit tumor growth. Urosevic and Dummer [91] have
done a great job in discussing the role of Human Leuko-
cyte Antigen G (HLA-G) and cancer immunoediting.
They discuss in detail the role of HLA-G in all three
phases of cancer immunoediting, and also how HLA-G
effects and interacts with the immunosuppressive mole-
cules, cytokines, NK cells, CD;, CD;, T-cells, and
many other complex immunosuppressive mechanisms.

Tumor cells express HLA-G, but also do tumor infil-
trating immune cells such as, lymphocytes, dendritic
cells, and macrophages [92]. Unfortunately T-cells ex-
pressing HLA-G seem to exhibit marked immunosup-
pressive properties [93]. It is definite that HLA-G pro-
foundly affects every aspect of human innate and active
immunity [94,95]. We [96] have reported on the role of
HLA-G in breast cancer immunosuppression and con-
firmed that it is a very important molecule involved in
cancer immune evasion and progression. We postulated
that HLA-G may be the main primary initiator (father) of
cancer immune evasion, and once expressed causes a
cascade of many immunosuppressive actions. Now that
we have established that tumor immunosuppression is
present early in local progression of the disease, we will
now address escape mechanisms that are caused by psy-
chic stress and the surgical, medical, and radiation treat-
ment of the disease.

Psychic stress can have a devastating effect on host
immunity. We believe during this early stressful period
that a disastrous and potentially irreversible effect on the
host immune system may occur, which might determine
the final outcome and overall survival of the host. There-
fore, it is important to address and attempt to reverse
those immunosuppressive events at the time of diagnosis.

Most oncologists are unaware of the relationship be-
tween the brain and the immune system, however, the
brain and the immune system are the two major adaptive
body systems. The detail of this relationship has been
presented in a great paper in 2000 by Elenkov, Wilder et
al. [97]. They state that there is crosstalk between the
brain and the immune system during an immune re-
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sponse. The sympathetic nerve is the integrative interface
between the two supersystems. The major pathway sys-
tems involved in the crosstalk are the hypothalamic-pitui-
tary-adrenal axis (HPA) and the sympathetic nervous
system (SNS). Norepinephrine (NE) fulfills the role for
neurotransmitter/modulator in lymphoid organs. When
stimulated NE is released and targets immune cells ex-
pressing adrenoreceptors to respond. The NE and cir-
culating catecholamines affect lymphocyte circulation,
traffic, and proliferation.

There is evidence that NE and epinephrine through cer-
tain molecular pathways inhibit the production of Type 1
proinflammatory cytokines and stimulates the production
of Type II anti-inflammatory cytokines. This causes a
selective suppression of the Thl response and CMI with
a shift toward a Th2 response. A shift of Thl to a Th2
response in the tumor microenvironment promotes can-
cer progression.

Ben-Eliyahu and his group from Israel [98] have con-
tributed much to the field of Pschonueuroimmunology
(PNI). They reported on the promotion of tumor metasta-
sis by surgery and stress, thus laying the foundation for
implications and the immunological basis for PNI. He
emphasizes that stress and surgical excision of the pri-
mary tumor can promote tumor metastasis. He describes
aspects of surgery that suppress CMI and neuroendocrine
mechanisms causing suppression by surgery and stress.
There is evidence that after tumor escape and local tumor
growth CMI still contributes to systemic control of can-
cer by controlling macrometastatic disease and eliminate-
ing residual disease after removal of the primary tumor.
This is supported by some clinical studies on immune
competence as a prognostic indicator of disease free sur-
vival [99,100].

There are many cytokine responses to major surgery
locally and systemically. There are proinflammatory cy-
tokines and many Type Il immunosuppressive cytokines
that depress CMI [101]. Melamed, Rosenne, Sakhar et al.
[102] have demonstrated suppression of NK cell activity
by surgery in an animal model and that reversal of sup-
pression could be done by the prophylactic use of a -
adrenergic antagonist and a prostaglandin synthesis in-
hibitor. Immune suppression was reversed by a S-blocker.
Wu and Lanier [103] have shown that NK cells in ani-
mals are important in cancer control, while Andersen et
al. [104] have shown that psychological and surgical
stress suppress NK cell activity in animals and humans.
However, some clinical studies have demonstrated that
levels of NK cell activity at the time of surgery predicts
long term survival [105,106]. Riesco [107] has reported
that the pretreatment total lymphocyte count predicts
overall survival of cancer patients, independent of other
major prognostic factors. Fumgalli et al. [108] have
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shown that lymphocyte counts independently predicts
overall survival in advanced cancer patients, and should
be a biomarker for interleukin-2 (IL-2) immunotherapy.

4.2. Iron Related Tumor Immunosuppression

The role of iron in tumor immunosuppression is fre-
quently overlooked and generally unknown, but it plays a
significant role in tumor growth and tumor evasive me-
chanisms. In fact, iron could be one of the first players in
tumor immunosuppression early in the immunoediting
process. We have already earlier mentioned the role of
iron in ribonucleotide reductase, DNA synthesis, and
tumor growth. The accumulation of iron in the tumor
during this early development just might be the culprit
that tips the balance in the equilibrium phase and carries
the tumor into the escape phase. We are presently ex-
ploring the relationship of tumor iron concentration and
HLA-G expression (preliminary data not shown). We
believe that tumor iron is important in the immunoediting
process because we know the important role of NK cell
activity in immune surveillance and eradication of early
tumors; and we have shown that iron and ferritin inhibit
NK cell cytolytic function.

Natural killer (NK) cells and nitric oxide (NO) are
both important components of the innate immune re-
sponse. NK cell cytolysis is mediated by the synthesis of
NO. We have shown that iron inhibits the cytotoxicity of
NO and the associated cytolysis of MCF-7 human breast
cancer cells by NK cells [109]. In another study we in-
vestigated the antiproliferation effect of yTNFa and an-
tisense oligonucleotides targeted to ferritin heavy chain
(Fer-H) in MCF-7 cells. This study confirmed that iron
protects tumor cells from NK cell mediated immune re-
sponses. The iron chelator deferoxamine increased NK
cell cytolysis of MCF-7 breast cancer cells, however, the
concentration was critical. A targeted antisense oligonu-
cleotide downregulated Fer-H and synergistically in-
creased the antitumor activity of yTNFa against the
MCF-7 human breast cancer cell line. Fer-H inhibits
TNFa induced apoptosis by suppressing ROS. We have
concluded that increased iron in tumor cells and their
microenvironment protects the tumor from T-cell cyto-
toxicity by decreasing the sensitivity of tumor cells to
NO. One mechanism of NO mediated cytotoxicity is by
depletion of intracellular iron. This is to the best of our
knowledge, the first time that increased iron has been
shown to decrease NK cell cytolysis of tumor cells. We
therefore, believe that manipulation of iron metabolism
in tumor cells and their microenvironment could help
reverse immune suppression (data not shown and to be
published) [110].

Watts and Richardson [111] have done a tremendous
job in discussing the mechanism of NO-mediated iron
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mobilization from cells. They state that many diverse
biological effects of NO are through its binding ability to
iron (Fe). Cytotoxic actions of NO are found when it is
produced in large quantities by cells such as, activated
macrophages [112]. The NO produced by these systems
inhibits the proliferation of intracellular pathogens and
tumor cells [112-114]. These effects are because of the
reactivity of NO with Fe in the Fe-S centers of critical
proteins. This includes aconitase and complex I and II of
the electron transport chain [113-115]. The above find-
ings now bring into play the role of mitochondrial dys-
function in tumor growth and tumor immunosuppression.

We have demonstrated the importance of iron in tu-
morigenesis, and the possibility of using iron chelators in
cancer therapy, but copper is also very important. Cancer
cells take up more copper (Cu) than their normal coun-
terparts. Copper is a metal that is important and essential
for angiogenesis and metastasis [116]. Therefore, con-
sidering the critical roles of iron and copper, the develop-
ment of novel Fe and Cu chelators are a potential anti-
cancer strategy [117,118]. Lovejoy and Jansson et al.
[119] have reported on the antitumor activity of a metal-
chelating compound Dp44mT. Its antitumor activity is
mediated by formation of a redox-active copper complex
that accumulates in lysosomes. They state that one of the
most effective chelators is Dp44mT (di-2-pyridylhetone-
4,4, dimethyl-3-thiosemicarboazone). The mechanisms of
action involves Fe chelation and redox cycling of its Fe
complex to generate ROS [119] and its potent antitumor
activity has been verified by others [120]. Rao and team
have reported on a broad range of antitumor activity and
also on topoisomerase Ila inhibition [121,122]. Dp44mT
binds Cu as well as Fe and both complexes are redox
active, which contributes to their marked cytotoxicity
[123]. There are other modes of anticancer activity of
Dp44mT that includes inhibition of the metastasis sup-
pressor protein, Ndrg-1, and modulation of many of the
cell-cycle control proteins of the cyclin family (A, B, D1,
D2, and D3) and also cyclin dependent kinases [117,118].
Their work has postulated a novel strategy for designing
new therapeutics that activate the lysosomal apoptotic
pathway by binding redox active Cu.

Before entering the discussion of complex mecha-
nisms involved in tumor immunosuppression in the tu-
mor microenvironment, we need to briefly mention the
connection of mitochondria to innate immunity. There
have been two recent studies linking mitochondria to
innate immunity by Seth et al. [124] and Xu et al. [125].
Both have identified a new intracellular signaling protein
that is required for activating Type I interferon expres-
sion in response to viral infection. The Seth group [124]
has shown the protein they call MAVS function requires
that it be localized to the mitochondria. MAVS, therefore,
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provides the first link between mitochondria and the in-
nate immune system. It is thought that MAVS signals
through mitochondrial proteins, initiating a cascade of
events leading to the induction of IFN-f. If mitochon-
dria are important in innate immunity to eradicate viral
infec- tions, they may also play a role in controlling or
initiating cancer.

4.3. Tumor Microenvironment
Immunosuppression

Tumor immunosuppressive mechanisms in the tumor
microenvironment are numerous, complex, confusing,
and sometimes paradoxical. It is impossible to address all
mechanisms in one communication; and obviously there
are many molecular events not known at this time.
Therefore, we will attempt to present what we consider
as some of the most important players in tumor microen-
vironment escape mechanisms. All of these complex
mechanisms probably potentiate crosstalk between one
another; thus augmenting immunosuppression within the
microenvironment.

4.3.1. STAT Proteins

Some of the major players in cancer inflammation and
progression are signal transducer and activator of tran-
scription (STAT) proteins. These proteins determine
whether immune responses promote or inhibit cancer in
the tumor microenvironment. STAT3 and to some extent
STATS when persistently activated increase tumor cell
proliferation, invasion, and survival while inhibiting an-
titumor immunity. STAT3 persistent activation causes
tumor promoting inflammation. The inflammation of
cancer is marked by the presence of inflammatory me-
diators and specific inflammatory cells, including che-
mokines and cytokines [126]. STAT3 is crucial in pro-
ducing and maintaining a proinflammatory tumorigenic
microenvironment during cancer progression [127-129].
Yu, Pardoll and Jove have published a tremendous re-
view on STATs in cancer inflammation and immunity
with the leading role by STAT3 (Figure 8) [130]. This
review is a must read by those truly interested in the field
of cancer immunosuppression. Another important core
transcription factor in diverse immune responses is nu-
clear factor kB (NF-xB). NF-xB signals many major
pathways for inflammation induced tumorigenesis and
antitumor immunity [131,132]. Because they share cen-
tral roles in cancer and inflammation STAT3 and NF-«xB
are highly interconnected, and both serve as transcription
factors regulating genes involved in cancer inflammatory
mediators and tumor proliferation, angiogenesis, invasion
and survival [133-135].
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Importance of STAT3 Protein

Point of Convergence of Numberous Oncogene

Signaling Pathwats—Constitutively Activated

in Both Immune Cells and Tumor Cells in the
Microenvironment

A. Inhibit danger signals and signaling in CD;
T-regs required for expression of FOXP3,
1L-10, and TGF-B

B. Propagates multiple levels of crosstalk between
tumor and immune cells—Ileading to suppression

C. STAT3 should be a molecular target (how could
we do?)

D. Necessary for evolution of Th17 cells and
expression of T-regs

Figure 8. Importance of STAT3 proteins.

NF-xB has paradoxical roles in that it is crucial for
cancer inflammatory conditions, but is also necessary for
mediating antitumor immune response [132-134]. STAT3
activation inhibits antitumor immune responses by limit-
ing STAT1 and NF-xB expression of cytokines inter-
feron-y (IFNy) and IL-2 (Thl) cytokines which are im-
portant for innate and T-cell mediated antitumor immu-
nity [136,137]. The STAT3 signaling in innate immune
cells is required and promotes immunosuppressive tumor
effects of myeloid-derived suppressor cells (MDSCs) and
also tumor associated macrophages (TAMs) [138].
STAT3 is also necessary for the evolution of TH17 cells
and expansion of T-regulatory cells, both which promote
tumor growth [139-141].

4.3.2. DLL-1 Notch Signaling

Before we pursue other tumor escape mechanisms, we
should mention briefly a recent article by Huang, Lin,
and Shanker, et al. [142]. They state that little is known
about the interplay between Notch and VEGF signaling
pathways in the immune system especially regarding
cancer-associated immunosuppression. They showed that
tumor growth downregulates expression of DLL1 and
DLL4 in the bone marrow hematopoietic environment
and one causative factor is elevated VEGF. Selective
stimulation of DLLI1-Notch signaling dramatically slows
tumor growth by rescuing tumor associated T-cell altera-
tions. They postulate that potentiating of DLL-1 Notch
signaling might be an attractive strategy to rescue tu-
mor-associated T-cell immunosuppression.

4.3.3. Transforming Growth Factor g (TGF-p)

It is now well known that the tumor stroma and microen-
vironment play a role in tumor progression and metasta-
sis. There is strong evidence that interactions between
tumor cells and the stroma do promote cancer growth and
metastasis [143]. One factor in the tumor microenviron-
ment that is abundantly produced by stromal cells is
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transforming growth factor f (TGF-£). TGF-£ is a mul-
tifunctional growth factor with complicated paradoxical
roles in tumorigenesis [144]. It acts as a tumor suppres-
sor during early stages of tumor development, but during
later stages of tumorigenesis it functions as a growth
factor to tumor cells causing them to be more motile, re-
sistant to apoptosis, and more invasive. It is also involved
in the epithelial to mesenchymal transition in tumor cells,
thus increasing their metastatic potential. Welm [145]
has written a great preview entitled “TGF-£ Primes Breast
Tumor Cells for Metastasis” based on the work of Padua
et al. [146]. They show that the cytokine TGF-f in the
breast tumor microenvironment primes cancer cells for
lung metastasis. This property was due to the induction
of angiopoietin-like 4 (ANGPTL4) by TGF-f via the
Smad signaling pathway. This pathway causes cancer
cells entering the circulation to be retained in the lung.
ANGPTL4 disrupts endothelial cell-cell junctions and
facilitates transendothelial passage of tumor cells.

Ikushima and Miyazono have done a great job in a re-
view on TGF-§ in the tumor microenvironment. Their
article is entitled “TGF-f Signaling: A Complex Web in
Cancer Progression” [147]. This is definitely a great re-
view for those interested in this topic. There is strong
evidence that the TGF-f signaling pathway serves as a
tumor suppressor and for cancers to progress they must
bypass this function. TFG-f also has important roles in
host-tumor mechanisms. In the tumor microenvironment
TGF-p affects the characteristics of tumor cells by many
diverse mechanisms [148]. Ikushima and Miyazono [147]
discuss some of the hundreds of factors that form a com-
plex web that regulates TGF-f signaling. The collapse of
networks leads to a crash of the signaling pathway, and
thus, results in tumorigenesis and progression of malign-
nant tumors.

Singha, Yeh, et al. [149] have studied the role of TME-
PAI in breast cancer. TMEPAI is a TGF-$ induced trans-
membrane protein overexpressed in several cancers. They
showed high expression of TMEPAI in triple negative
breast cancer cell lines and primary breast cancers. Their
results suggested that TMEPALI functions as a molecular
switch in breast cancer that converts TGF-£ from tumor
suppressor to a tumor promoter. There are many complex
molecular mechanisms involved in this convesion of TGF-f
from tumor suppressor to tumor promoter.

4.3.4. Cancer Associated Fibroblast (CAFs)

Tumor associated fibroblast are known to promote tumor
growth and progression. Casey, Eneman, Croker, ef al.
[150] have shown cancer associated fibroblast (CAFs)
stimulated by TFG-f increases the invasion rate of tumor
cells. The CAFs in the reactive stroma are highly prolix-
ferative and they express higher levels of extracellular
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matrix proteases and proteins. There is evidence that
these proteases secreted by CAFs hydrolyze the base-
ment membrane and these new proteins act as scaffold-
ing for motile tumor cells to move, and also for the struc-
tural support of angiogenesis [151,152].

Kim, Stein, and O’Hare [153] have published a mini
review on tumor and stromal interactions in breast cancer
and the role of the stroma in tumorigenesis. They state as
an oncogenic agent in tumorigenesis, the stroma can
provoke tumorigenicity in adjacent cells in the absence
of pre-existing tumor cells. Though most breast cancers
originate from epithelial cells, the stroma in the tumor
microenvironment is intimately involved in the growth
and progression of cancer [153,154]. Oncogenic signals
from CAFs can convert non-malignant epithelial cells to
malignant ones; and the stroma is thought to promote
tumorigenic activity in many ways, including production
of matrix metalloproteases (MMPs) and, recruitment of
macrophages, immune and inflammatory cells [155]. There
is evidence that crosstalk between breast epithelial cells
and the stroma (fibroblast and proteins) is critical for the
invasion of tumor cells into the stroma and for develop-
ment of metastasis. A major player in epitheliastromal
interactions is TGF-p. It also regulates these interactions
by adjusting the composition of the stroma. With the
stroma emerging as a dominant factor in modulating tu-
morigenesis and many other tumor stroma interactions on
cancer growth, the stroma could be a therapeutic target
[156,157]. CAFs behave differently to mature fibroblast
and also present a potential target for antitumor treatment
[158].

Kalluri and Zeisberg [159] have done a tremendous
review on fibroblast in cancer; and they go into much
detail of all the complex and paradoxical functions of
CAFs. They point out that tumors are like wounds that do
not heal. CAFs are important in the production of growth
factors, chemokines, and a extracellular matrix that fa-
cilitates angiogenic recruitment of pericytes and endothe-
lial cells. Fibroblasts are involved in progression of can-
cer and are a target for cancer therapy. There is evidence
that fibroblasts at the site of tumors are perpetually act-
vated.

Normal stroma in most organs contains a minimal
number of fibroblast and a physiological ECM [160];
however, a reactive stroma contains many more onco-
genic elements. This shows that reactive stroma stimu-
lates oncogenic signals facilitating tumorigenesis [161,
162]. Epithelial to mesenchymal transition (EMT) causes
cells to lose cell-to-cell contact and acquire mesenchymal
properties and EMT cancer cells develop invasive and
migratory properties [163,164]. It is possible that EMT
could promote cancer progression by serving as a source
of fibroblast-like cells with an altered genome. These
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findings indicate that EMT of cancer cells occurs, and
probably accounts for a fraction of the CAFs present in
tumors [163].

Though studies provide evidence that CAFs are tumor
promoting other studies of normal fibroblast indicate
they inhibit cancer progression. The loss of TGF-f sig-
naling in fibroblast results in prostate intraepithelial neo-
plasia (PIN) showing that normal fibroblasts suppress
carcinogenic events [164], but how normal fibroblast
prevent tumorigenesis is unclear [165]. One possible me-
chanism is that such fibroblast function in modulation of
the host immune defense response. Fibroblast is a source
of many immune cytokines, such as IFNy, TNF-a and
IL-6, which promote mobilization of cytotoxic lym-
phocytes, macrophages, and natural killer cells. It is be-
lieved that normal fibroblast help to prevent T-cell apop-
tosis [166].

Wallace, Leone, and Ostrowski [167] have done much
to increase our knowledge of the role of tumor fibroblast
and the tumor suppressor function of mammary stromal
fibroblast. They accomplished this by developing a mur-
ine breast cancer model that ablates the PTEN tumor
suppressor pathway in stromal fibroblast. They have
shown the model useful in defining the mechanisms that
underpin tumor-stroma crosstalk. We believe by con-
ducting more experiments using this model, much more
about oncogenic mechanisms of tumor escape in the tu-
mor stromal microenvironment will be learned. This will
allow us to develop therapies to target tumor stromal
growth and immune suppressive mechanisms.

4.3.5. Galectins
When discussing factors involved in tumor immunosup-
pression in the tumor microenvironment, we must ad-
dress the Galectins. Galectins are members of large car-
bohydrate binding lectins that share a highly conserved
carbohydrate recognition domain (CRD) that is respons
ble for f-galactosidase binding [168]. Many galectins
have been thought to play a key role in cancer progress-
sion, especially Gal-1, -3, and -9 [169]. Galectin-1 is se-
creted in many tumor types and its expression correlates
with tumor aggressiveness and metastasis [170,171].
Gal-1 expression in lung cancer is associated with larger
tumors, node metastasis and overall lower survival [172].
Banh, Zhang, Cao, ef al. have studied tumor Galectins-
1 versus host Galectin-1 and have determined that tumor
Galectin-1 secretion is enhanced by hypoxia, and pro-
motes tumor aggressiveness, angiogenesis, and T-cell
apoptosis; and is more important than host Galectin-1.
They showed that tumor Galectin-1 mediates tumor
growth and metastasis through regulation of T-cell
apoptosis [173]. Rubenstein and colleagues have shown
in experiments that the level of Gal-1 secretion in cul-
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tured supernatant correlated with the extent of tumor-
induced T-cell death in both murine and human mela-
noma cells. The targeted inhibition of Gal-1 expression
in vivo rendered mice resistant to tumor challenge, which
requires a functional CD,; and CD; T-cell response.
This suggests that Gal-1 contributes to tumor immune
privilege by modulating subset T-cell survival [174].
Thijssen, Barkan, Shoji, et al. [175] have shown that tu-
mor cells secrete Gal-1 to enhance endothelial cell acti-
vity. Their data definitely identified Gal-1 as a proangio-
genic factor. Gal-1 has been associated with tumor es-
cape mechanisms [176]; however, the Thijssen group
[175] could not confirm that Gal-1 was immunosuppres-
sive in the tumor microenvironment. Therefore, Gal-1
promotes tumor immunosuppression by inhibiting effect-
tor CDg T-cell function.

4.3.6. Lymphoid Tissue Like Structures

Human tumors suppress and escape the immune system
to enhance their survival. Many tumor cells escape im-
mune detection by downregulating the expression of an-
tigenic proteins on their cell surface, thus making them
invisible to cytotoxic T-lymphocytes [177]. However,
most tumors secrete proteins and cytokines that inhibit
effector T-cell responses and induce the production of
T-regulatory cells that suppress immune function [178].
Zindl and Chaplin [179] have done a great job on the
perspective of a paper by Shields, Kourtis, Tomei, et al.
[180] which shows how malignant cells induced the for-
mation of lymphoid tissue-like structures that assist the
tumor in evading host immunity. Shields et al. [180] re-
vealed that mouse and human melanoma express the
chemokines CCL21 that recruits lymphoid tissue inducer
cells (LTi). This causes a reorganization of the tumor’s
stroma and the recruitment of CD, T-regulatory cells,
myeloid derived suppressor cells, and other immune cells.
They studied the mechanisms of tumor escape that bears
similarities to the tolerance maintaining function of
lymph node stroma. These lymphoid-like structures in
the stroma promote immune tolerance, similar to the tol-
erance functions of the lymph node stroma. Specialized
stromal cells in the node paracortex called fibroblastic
reticular cells secrete the CCRL ligands CCL19 and
CCL21 which promote interactions between CCR7"
T-cells and antigen presenting cells (APCs) needed for
T-cell antigen presentation and priming. They [181] re-
cently showed that invasive tumor cells secrete CCL21
and verified it in the present study [180] in a three di-
mensional culture of several human tumor cell lines. The
expression of CCL19 and CCL21 in non-lymphoid and
tumor tissue is related to inflammation and immunosup-
pression. They support a stroma and microenvironment
for T-reg cells and shift macrophages from M1 to the M2
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phenotype. CCL21 also attracts myeloid derived sup-
pressor cells (MDSCs) thus the tumor microenvironment
becomes a Th2 immunosuppressive environment. Tu-
mors expressing CCL21 also express the catabolic en-
zyme indoleamine 2,3-dioxygenase (IDO) [182], a potent
tumor immune suppressor and also complement recap-
tor-1 related gene/protein Crrg a complement regulating
protein that can inhibit antitumor immunity [183]. Thus
tumors with a lymphoid like stroma secreting the che-
mokines CCL19 and CCL21 are extremely evasive of the
host immune system (Figure 9).

4.3.7. Myeloid Derived Suppressor Cells (MDSCs)
During this communication we have touched on the role
of myeloid derived suppressor cells (MDSCs) in tumor
immunosuppression, and now we would like to expand
our knowledge on tumor escape mechanisms governed
by MDSCs. They seem to play a critical factor in T-cell
nonresponsiveness.

One of the major mechanisms of tumor escape is de-
fective T-cell function, and that is one of the critical fac-
tors that limits the success of cancer vaccines. Nagaraj
and Gabrilovich [184] have presented a great review on
tumor escape mechanisms governed by MDSCs. MDSCs
are defined as CD14 CD11b" cells or cells that express
the myeloid marker CD33. MDSCs exert their immuno-
suppressive effects in many different ways depending on
their location and specific characteristics of the tumor.
Some of the factors involved in MDSC immune suppres-
sion are arginase, reactive oxygen and nitrogen species,
and including surface molecules. At the tumor site it is
mainly antigen nonspecific and is mediated by produc-
tion of nitric oxide (NO) in combination with high argi-
nase activity. The high arginase activity, in combination
with increase NO production by MDSCs, results in
marked T-cell apoptosis and increased production of re-
active oxygen species, inducing peroxynitrites and hy-
drogen peroxide (H,O,) by MDSCs [185]. They [186]
have shown that a peroxynitrites scavenger eliminated
MDSC induced T-cell tolerance which suggested that
ROS could be responsible for MDSC mediated CDyg
T-cell tolerance. Bronte, Kasic, Gri, et al. [187] have
stated that restoration of T-cell responsiveness to the
tumor could be achieved by inhibiting simultaneously
inducible NO synthase and arginase activity. It is thought
that the blockade of peroxynitrites generation and use of
scavengers could be an opportunity to decrease tumor
associated T-cell tolerance and augment efficacy of can-
cer immunotherapy.

4.3.8. Tumor Associated Macrophages (TAMS)
Another important cell involved in antitumor immunity is
the macrophage. Quin and Pollard [188] have published a
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Figure 9. Lymphoid structure formation: tumor cells se-
crete CCL21 which recruits LTy cells. LT, cell generate a
lymphoid structure which attracts Tregs, MDSCs, and M,
macrophages. The result is tumor cell immune evasion.

tremendous review on how macrophage diversity en-
hances tumor progression and metastasis. They state that
there is strong clinical and experimental evidence that
macrophages promote cancer initiation and malignant
progression. Macrophages create an inflammatory envi-
ronment early promoting growth and later macrophages
stimulate angiogenesis, tumor cell invasion and migra-
tion, and later also suppress antitumor immunity. They
prepare target tissue for arrival of tumor cells to establish
metastasis.

The macrophage lineage is important in determining
the type of immune response in the tumor microenvi-
ronment and Pollard [189] has attempted to define im-
portant macrophage subsets. His most successful classi-
fication was applied to subsets participating in specific
immunological responses. There were the activated ma-
crophage that was involved in a Type I helper response
or the Thl cells. This cell population is activated by in-
terferon gamma and engagement of Toll-like recap- tors
(TLRs). It is characterized by increased expression of
major histocompatibility complex (MHC) Class II pro-
duction of tumor necrosis alpha (TNFa) and inter-leu-
kin-12 (IL-12), with generation of nitric oxide (NO) and
reactive oxygen species (ROS). This type has the ability
to kill pathogens and cancer cells. The contrast is the
alternatively activated macrophage that differentiates its
response to IL-4 and IL-13. These are involved in Th2-
type responses, and also wound healing and humoral
immunity [190]. Mantovani and team [191] have postu-
lated that tumor macrophages are nearly devoid of acti-
vated M1 macrophages and are biased to the M2 type
macrophage, thus promoting tumor escape and decreas-
ing antitumor immunity.

Macrophages play a central role in immunoregulation
within the tumor. The result in some cases can be tumor
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rejection, as both dendritic cells and macrophages are able
to present antigens to cytotoxic T-cells, and macro- phages
are extremely competent at tumor killing. The pioneering
work of Fidler and colleagues [192] showed that macro-
phages could kill tumor cells and eradicate metastasis.

Guiducci ef al. [193] have shown that tumor inhibition
can be accomplished by treating tumors with CPG to-
gether with anti IL-10. This treatment activates Toll-like
receptors and blocks immunosuppression respectively,
but in the majority of tumors there is not enough inhibit-
tion of growth due to many other tumor immunosuppres-
sive mechanisms. These TAMs represent an immunolo-
gical regulatory type characterized by downregulation
transcripts involved in activation like IL-12, IL-18, and
TLR signaling, with upregulation of transcripts of alter-
natively macrophages such as arginase producing [194].
There are several mechanisms that macrophages use to
inhibit T-cell responses. One is that they produce IL-10
that induces monocytes to express the costimulatory mo-
lecule programmed cell death ligand (PD-L1), which
suppresses cytotoxic T-cell responses [195]. The impor-
tant point about TAMs is that they are markedly different
from MDSCs [196], but it is still unresolved whether
they can differentiate solely into mature granulocytes or
become macrophages in vivo; or are there other more
myeloid cell subpopulations?

We have previously mentioned some vital roles of
hypoxia-inducible factor-la in tumor immunosuppres-
sion, but Doedens, Stockman, Rubinstien, and colleagues
[197] have shown that macrophage expression of hy-
poxia-inducible factor-1a suppresses T-cell function and
promotes tumor progression. They showed that targeted
deletion of the transcription factor HIF-lg in tumor
macrophages of a murine model resulted in reduced tu-
mor growth without altering levels of vascular endothe-
lial growth factor and vascularization. Hypoxia aug-
mented the macrophage T-cell suppression in vitro de-
pending on the expression of macrophage HIF-1a. Hy-
poxia is a hallmark of neoplastic growth, and low oxygen
tension stimulate myeloid cells to increase levels of iNOS
and arginase suggesting a role for HIF-la-dependent
hypoxic regulation of iNOS and arginase in myeloid cell
modulated T-cell suppression [198]. They [197] showed
that loss of HIF-la in TAM relieves hypoxia induced
expression of T-cell activation, and that loss of HIF-1a in
myeloid cells inhibits tumor progression. Their data con-
firms that there is a hypoxia-induced and HIF-1a de-
pendent suppression of the adaptive immune system by
the innate immune system in solid tumors. Over the last
several paragraphs we have shown how TAMs play a
very diverse and significant role for tumor escape me-
chanisms in the tumor microenvironment (Figure 10).
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Figure 10. Diagram of HIF-1la activation of T-cell sup-
pression in hypoxic areas of tumors.

There are probably many more, and we are convinced
that there is crosstalk, potentiation and synergism be-
tween all tumor escape mechanisms, even if they are not
in the same sequence. With that being stated, we will
attempt to present some major tumor immunosuppressive
roles played by FoxP3 T-regulatory cells.

4.3.9. Regulatory T-Cells

Sakaguchi, Yamaguchi, and team [199] have done a
great review on regulatory T-cells and immune tolerance.
Regulatory T-cells (Tregs) are indispensable in main-
taining immunological unresponsiveness to self-antigens
and preventing excessive immune responses harmful to
the host. They go into extreme detail discussing the ori-
gin, development, and different mechanisms of function
of Tregs in immunological homeostasis. They discuss the
exact roles of Tregs in immune homeostasis and self-
tolerance, the molecular and cell basis of their develop-
ment and function. They suggest that Tregs could be ex-
ploited at the cellular and molecular levels to control
physiological and pathological immune responses. Those
interested in Tregs should definitely read this review.

FoxP3 (forkhead box P3) is a member of the fork/
head/winged-helix family of transcription factors; and is
a master regulator of Treg development and function.
This transcription factor is critical for a/f TCR-positive
T-cells to differentiate to Tregs in the thymus and a high
level expression confers suppressive activity to normal
non-Treg cells. Another molecule critical for the function
of Tregs is interleukin 2 (IL-2). The Treg marker CD25
is a component of the high affinity IL-2 receptor (IL-2R)
and is essential in Treg development.

IL-2 has multiple targets, such as CD; and CD; T
and B cells and also natural killer cells. It has many plei-
otropic functions and very contradictory immune effector
responses. It promotes differentiation of CD, T-cells to
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Thl and Th2 cells and expands natural killer cells and
CD; and memory T-cells. On the contrary IL-2 pro-
motes apoptosis of antigen-activated T-cells. It also ex-
pands and maintains FoxP3" natural (Tregs), and facili-
tates TGF-f dependent differentiation of naive T-cells to
FoxP3" (Tregs). Interestingly IL-2 inhibits TGF-A/IL-6
dependent differentiation of naive T-cells to inflamma-
tory Th17 cells, thus it plays a role in negative feedback
control of immune responses [200].

It is a very delicate balance to evolve a regulatory me-
chanism to allow the immune system to protect against
invading pathogens while avoiding destruction of the
host tissue bearing receptors specific for self-antigens.
Rudensky, Gavin, and Zheng [201] have presented a
minireview discussing how FoxP3 and NFAT are part-
ners in tolerance. They discuss the paper by Wu et al. [202]
that is very complete and complex explaining how FoxP3
controls regulatory T-cell function through cooperation
with NFAT. They discuss in detail how antigen stimula-
tion of immune cells activates NFAT, a key regulator of
T-cell activation and anergy, and that regulatory T-cell
(Treg) function is mediated by a cooperative complex of
NFAT with FoxP3. Thus when NFAT switches tran-
scriptional partners from AP-1 to FoxP3 it converts acute
T-cell activation into the suppressor program of Tregs.
This of course is a very complicated molecular process
beyond the scope of this communication.

The exact mechanism of the suppression of effector
T-cells by Tregs is not definitely known, but Tasken and
his colleagues have done some excellent work in this
area [203]. They state that in addition to naturally occur-
ring Tregs there are also adaptive Tregs which represent
a less characterized suppressive subpopulation of CDj
T-cells that are induced by continuous antigenic exposure.
Thornton and Shevach [204] have stated that Tregs sup-
press responding T-cells in an antigen-nonspecific man-
ner, and they need through the TCR to achieve suppres-
sive activity. Therefore, it is likely that adaptive Tregs
are generated from the peripheral T-cell repertoire and
can be induced by IL-10 and TGF-f [205,206].

Mabhic, Yaqub, Johansson, et al. [203] of the Tasken
group have revealed that FoxP3+CD4+CD25+ adaptive
regulatory T-cells express cyclooxygenase 2 (COX-2)
and suppress effector T-cells by a prostaglandin E 2 (PGE-
2) dependent mechanism. They have shown that adaptive
Tregs induced in vitro that express COX-2 and FoxP3
produce PGE-2 and that they suppress effector T-cell
responses that are reversed by COX inhibitors and PGE-
2 receptor antagonist. It was also shown that resting CD4+
CD25-T-cells treated with PGE-2 induced FoxP3 expres-
sion. Prostaglandins exert a very strong immunomodula-
tory activity within the immune system. PGE-2 binds to
the G protein coupled receptors EP2 and EP4 and inhibit
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T-cell immune responses by eliciting a cAMP (Protein
kinase A) CSK inhibitory pathway localized to lipid rafts
[207-209].

Lu [210] has published an editorial on FoxP3 expres-
sion and prognosis, and the role of both the tumor and
T-cells. FoxP3" Tregs in patients with ovarian and breast
cancer have been reported, and the abundance of FoxP3"
Tregs in tumors has been correlated with a poor progno-
sis [211,212]. It has been recently shown that a complete
pathologic response of breast cancer after neoadjuvant
chemotherapy is associated with disappearance of tumor
infiltrating FoxP3" T-regulatory cells [213]. It has been
shown only recently that the tumor cell can also express
FoxP3, and interestingly vaccination to eradicate FoxP3"
expressing cells enhances tumor immunity [214]. Merlo
and his colleagues [215] have suggested that the ex-
pression level of FoxP3 in breast cancer cells is associ-
ated with patient survival. Immunohistochemical staining
studies showed that FoxP3" expression in tumors was
associated with poor survival and the risk was increased
with the intensity of FoxP3" immunostaining. They point
out that the precise mechanisms by which Tregs suppress
tumor immunity is not clear. There are reports of direct
inhibition by cell-cell contact and the indirect inhibition
through secretion of anti-inflammatory cytokines, such as,
IL-10 and TGF-$ [216,217]. Merlo et al. [215] state that
FoxP3" expression should be an independent new prog-
nostic marker for breast cancer with a predictive power
like that of lymph node status.

Liu, Lang, Zhao, et al. [218] have done a great job
studying CD; cytotoxic T-cell and FoxP3" T-cell infil-
tration in relation to breast cancer survival and molecular
subtypes. Tregs and cytotoxic T lymphocytes (CTLs) in
breast cancer were addressed by immunohistochemistry
in 1270 cases of invasive breast cancer. They looked at
the infiltration of both in the tumor with the associations
of histopathological features, molecular subtypes and
patient survival. The infiltrate of both type cells were
observed within the tumor bed and surrounding tumor
tissue. The increased infiltration of CTLs and Tregs were
significantly common in tumors with unfavorable his-
tologic features, with a high histologic grade and nega-
tive ER, PR status. A high density of Treg infiltration
was also associated with a high Her 2 tumor overexpres-
sion with a decreased overall survival (OS) and progress-
sion free survival (PFS). However, a high CTL/Treg ratio
in the tissue surrounding the tumor was associated sig-
nificantly with improved OS and PFS. It was shown that
the prognostic significance of CTLs and Tregs in breast
carcinoma depends on their relative density and location
within the tumor. The density of Treg infiltrates within
the tumor and the peritumoral CTL/Treg ratio are inde-
pendent prognostic factors. They are also correlated with
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the prognosis of the molecular subtypes of breast carci-
noma. They postulate that the CTL/Treg ratio in the tu-
mor and peritumoral microenvironment could serve as a
potential target for immunotherapy to combat against the
aggressive subtypes of breast carcinoma.

For tumor immunotherapy to be effective a major goal
is the generation of CD; T-cell memory, as well as,
activation of CDj effector cells. Surgery is still the
leading therapy for solid tumors, but memory T-cell re-
sponses are probably required for the prevention of tu-
mor recurrence and metastasis, a major problem is that
most human tumors are poorly immunogenic and most
tumor antigens are unchanged self-proteins. There is
some evidence that Tregs may prevent memory against
poorly immunogenic tumors.

Cote’ and colleagues have shown in a mouse tumor
model that removal of Tregs cells during tumor growth
drives the natural development of T-cell memory [219].
They [220] have recently reported a review of their work
and others on tumor specific T-cell memory and prob-
lems on clearing the regulatory T-cell hurdle. It is sug-
gested by them that Treg depletion several days prior to
surgery could potentially be done to prevent recurrence
of retained minimal disease. Their work showed that
poorly immunogenic tumors can induce tumor specific
T-cell memory when Treg suppression is overcome and
that implementing immunotherapy in conjunction with
surgery and Treg depletion may provide the cancer pa-
tient a chance for a long-lived survival without recurrent
or metastatic disease [220].

Tanaka and his team [221] have demonstrated in a tu-
mor model that depletion of CD4+CD25+ regulatory
cells augments the generation of specific immune cells in
tumor draining lymph nodes. Though depletion of Tregs
was insufficient to eradicate tumors, it did augment the
sensitization of immune T-cells in the draining lymph
nodes, and thus does improve adoptive immunotherapy.

4.3.10. Cytotoxic T-Lymphocyte Antigen-4 (CTLA-4)

Another novel strategy for combating tumor immuno-
suppression is to target cytotoxic T-lymphocyte antigen-
4 (CTLA-4). The advantage of interrupting T-cell down-
regulatory pathways is that targeting the host’s immune
system eliminated the necessity to identify specific tumor
antigens, thus concentrating on a specific immune re-
sponse. CTLA-4 is that attractive target, and O’Day,
Hamid, and Urba [222] have done a great job in explain-
ing the mechanisms of action of CTLA-4. They point out
that CTLA-4 is a very important immunity checkpoint.
Once T-cell activation takes place an important step li-
miting the proliferative response of the activated T-cells
takes place to prevent tissue injury, thus maintaining pe-
ripheral tolerance. CTLA-4, is therefore an important
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checkpoint that controls the intensity and duration of the
immune response and that checkpoint is at the site of the
APC interaction at the immunological synapse. CTLA-4
binds both CD80 and CD86 with 100-fold greater affi-
nity than the CD28 receptor and this competitive ligand
binding turns off the activated T-cell. This decreases the
T-cell population to a small pool of memory T-cells
[223].

It is obvious from much of the above discussion that
the mechanisms involved in tumor evasion and immu-
nosuppression are numerous, very complex, poorly un-
derstood, and many are probably still unknown. With
that being the case, we will try to present a few more
methods of cancer immune suppression that have been
recently reported. It is impossible to discuss in detail the
extensive mechanisms of action of these tumor evasive
strategies but we will touch on the highlights of some of
the more interesting mechanisms of tumor immunosup-
pression.

4.3.11. Cytokines
There are many immunosuppressive cytokines that sub-
vert innate and adaptive immune responses during the
progression of cancer. Interleukin-18 (IL-18) is an in-
flammatory cytokine that accumulates in cancer patients;
however, its pathophysiological role is unclear. Terme,
Ullrich, Aymeric, Meinhardt, ef al. have presented a pri-
ority report demonstrating that IL-18 induces PD-1 de-
pendent immunosuppression in cancer [224]. In their
study they showed that low levels of either exogenous or
tumor derived IL-18 suppresses the NK cell arm of tumor
immunosurveillance. Tumor cell produced IL-18 pro-
motes development of NK-controlled metastasis in a
PD-1 dependent manner. It is known that tumor cells
secrete immunosuppressive soluble factors, such as, IL-6,
TGF-f, VEGF, macrophage colony stimulating factor
and indoleamine 2,3-dioxygenase. These factors directly
block T-cell proliferation, promote T-cell apoptosis, and
make tumor cells resistant to T-cell attack [225]. IL-23 is
also released in the tumor microenvironment, and it is a
key NK cell immunosuppressant [226]. Terme and col-
leagues [224] report that PD-1 is expressed by activated
mature NK cells in the lymphoid organs of tumor bearers,
and it is upregulated by IL-18. The elimination or inhibit-
tion of IL-18 stimulates NK cell dependent immunosur-
veillance in various tumor models. These results confirm
that IL-18 is an immunosuppressive cytokine in cancer.
Tumor cells evade the immune system in many ways,
but Mamessier, Sylvain, Bertucci, Castellano et al. have
shown that breast tumor cells induce self-tolerance me-
chanisms to avoid NKG2D-mediated and DNAM-medi-
ated NK cell recognition [227]. They found that NKG-
2D ligands and DNAM ligands are expressed in all breast
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tumor subtypes. It was shown that NK cell mediated cy-
totoxicity is mainly HLA and NKG-2D and DNAM de-
pendent. Their study showed that breast cancer cells re-
gardless of subtype develop different mechanisms to es-
cape NK cell antitumor immunity.

4.3.12. Cellular Adhesion Molecules (CAMS)
Cellular adhesion molecules (CAMs) play an important
role in tumorigenesis, and also in host immunity and de-

fense mechanisms. There are three very important CAMs:

vascular cell adhesion molecule (VCAM), intercellular
adhesion molecule (ICAM), and E-selectin; and a down-
regulation of all of these CAMs were noted in node posi-
tive breast cancer in comparison to node negative cases
of breast cancer [228]. VCAM is a glycoprotein ex-
pressed on the surface of stimulated endothelial cells
[229] and it is an adhesion molecule for many cell types
including lymphocytes [230]. Increased VCAM serum
concentrations have been noted in most cancers. They
[228] found that in node positive breast cancer there was
significant downregulation of adhesion molecules, and
their data suggested that VCAM was an independent
predictive factor of nodal metastasis. This was the first
time to be reported that downregulation of adhesion
molecules occurs in node positive breast cancer. They
believe that shedding of adhesion molecules by activated
endothelial and tumor cells might allow tumor cells to
escape surveillance from cytotoxic T-cells and natural
killer cells, thus permitting invasion and progression of
disease.

We have been working on the role of adhesion mole-
cules in the breast cancer tumor microenvironment as an
escape mechanism since 2005. We found by THC espe-
cially in high grade tumors, that there were reduced le-
vels of VCAM-1 and ICAM-1 expressed on the tumor
vessel endothelium (data not shown). There is also some
suggestion that there is dysfunction of lymphocyte func-
tion-associated antigen 1 (LFA-1) on the effector lym-
phocytes in the Stage IV breast cancer patient. We have
felt for some time that a major tumor escape mechanism
is dysfunction of endothelial adhesion molecules, which
prevents cytotoxic effector CD; T-cells and NK cells
from entering into the tumor microenvironment. We have
had many patients on our immunotherapy protocol that
had great T-cell immunity confirmed by a lymphblasto-
genesis assay (LBA); but yet had progressive disease due
to tumor escape mechanisms.

Our suspicions about endothelial adhesion molecules
and tumor evasion has recently been confirmed by Del-
fortne, Pinte, Mattot, et al. [231]. They have shown that
Egfl7 (also known as VE-statin) is a secreted protein
expressed by endothelial cells in normal tissues, but also
by cancer cells in some human tumors. Increased levels
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of Egf17 is associated with high grade tumors and those
that expressed high levels of Egf17 had poor infiltration
by immune cells and had reduced levels of immunosti-
mulatory cytokines, such as, IFN y and IL-12. They also
had fewer endothelial adhesion molecules (vascular cell
adhesion molecule 1 <VCAM-1> and intercellular adhe-
sion molecule 1 <ICAM-1>). Their conclusion is that
tumors expressing Egf17 promote tumor progression and
escape by reducing the expression of endothelial adhe-
sion molecules that promote immune cell infiltration into
the tumor microenvironment. This is just another unique
method of many tumor escape mechanisms. Their studies
indicated that the effect of Egfl7 on tumor growth and
progression was indirect and that it promotes tumor es-
cape from host immunity. They also confirmed that
Egf17 provides an immunodeficient environment within
human breast cancers. This explains why we saw de-
creased expression of ICAM-1 and VCAM-1 in our
breast cancer specimens by IHC.

We believe another factor to be considered in this area
of tumor immune evasion is the integrity of lymphocyte
function associated antigen-1 (LFA-1) on lymphocytes in
the heavily treated cancer patient. They not only often
have very low total lymphocyte counts, but also their
lymphocytes may have dysfunctional LFA-1. Even if the
tumor endothelium has some expression of VCAM-1 and
ICAM-1, the effector lymphocyte will not be able to
have instantaneous extension of bent LFA-1 and thus
tether and abruptly stop. Thus in marked tumor evasion,
there could be both decreased adhesion molecules on the
tumor endothelium and also patient dysfunctional effect-
tor lymphocytes. Lymphocytes with dysfunctional inac-
tivated LFA-1.

4.3.13.CD73and CD; T-Helper Cells

Jin, Fan, Wang, Thompson, et al. [232] have recently
reported on CD73; and how its expression on tumor cells
impairs antitumor T-cell responses. They state it is a very
novel mechanism of tumor induced immune suppression.
CD?73, initially known as a lymphocyte differentiation
antigen, and thought to function as a co-signaling mole-
cule on T-lymphocytes and also as an adhesion molecule
necessary for lymphocyte binding to endothelium. It is
believed that the biological actions of CD73 are due to
the regulated enzymatic phosphohydrolytic activity of
extracellular nucleotides. This ecto-enzymatic cascade
along with CD39 (ecto-ATPase) produces adenosine
from ATP/AMP from inflamed and damaged cells into
the tissue microenvironment [233]. The extracellular
adenosine induces marked immunosuppressive effects
and inhibits the activation and expansion of T-cells
through the A2A (CA2Ar) adenosine receptor [234]. It
has also been shown that adenosine generated from
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FoxP3 CD, Tregs through CD39/CD73 mediates im-
mune suppression, and that CD73 is highly expressed on
many human solid tumors [235,236]. The high expres-
sion of CD73 in tumors is associated with aggressiveness,
progression, and shorter patient survival time [237,238];
and the A2AAR protects tumors from incoming effector
antitumor T-cells [239]. The Jin group [232] showed that
knockdown of CD73 on tumor cells by siRNA improved
antitumor T-cell responses, both activation and effector
functions; and also restored efficacy of adoptive T-cell
therapy and long term survival in tumor bearing mice.
They make the case for targeting enzymatic activity of
CD73 as an important new approach to cancer immuno-
therapy.

Another factor involved in tumor immunosuppression
and failure of cancer vaccines to produce a response is
too few CD; helper T-cells in the tumor microenvi-
ronment. Ros and Shermon [240,241] have recently re-
ported that CD; T-cell help in the tumor milieu is re-
quired for attraction and the cytolytic function of CDjg
T-lymphocytes. The production of IL-2 by tumor resi-
dent CD," T-cells greatly enhanced CD; T-cell proli-
feration and increased expression of granzyme B. They
suggest that tumor specific CD; T-cells have an unique
role post priming to promote tumor eradication. Their
study revealed that an enhanced population of tumor
specific CD; T-cells is a result of numerous effects of
tumor specific CD; T-cells. The result of these CD;
T-cell effects is recruitment, proliferation, and survival of
CD; T-cells, thus aiding in reversing tumor immune
suppression.

4.3.14. Matrix Mellalloproteinases (MMPs)
We would be derelict in this discussion of tumor immu-
nosuppression, if we did not mention the very important
role of MMPs in tumorigenesis and tumor immunosup-
pression. Extracellular proteolysis is important in medi-
ating and maintaining tissue homeostasis. However, in
cancer an altered proteolysis can lead to tissue remodel-
ing, inflammation, tumor growth, tissue invasion, and
metastasis. MMPs are the most prominent family of pro-
teinases involved in tumorigenesis. The MMPs are mo-
dulators of the tumor microenvironment. They are in-
volved in cancer cell migration, and extracellular matrix
turnover, but they also control signaling pathways that
regulate cell growth, angiogenesis and inflammation. All
of these functions of MMPs in the tumor microenviron-
ment make them an attractive target for cancer therapy.
Kessenbrock, Plaks, and Werb [242] have done a great
review on MMPs and how they are important regulators
of the tumor microenvironment. The MMPs were first
described as a family of zinc-dependent endopeptidases
by Gros and Lapiere almost a half century ago [243].

Copyright © 2012 SciRes.

There are 23 MMPs expressed in humans, and they are
categorized by their architectural features. Their chemis-
try and activation and inactivation functions are very
complicated and involves a delicate balance. Sternlicht
and Werb [244] have published a great paper on how
MMPs regulate cell behavior. It is a detailed study of
MMPs mechanism of action.

Closely related to MMPs are the so called ADAMs
(disintegrin and metalloproteinase) which fulfill broad
roles in function of fertilization, development, and cancer
[245]. The function of MMPs in vivo depends on a criti-
cal local balance between them and their physiological
inhibitors. The most important of the MMP physiological
inhibitors are the tissue inhibitors of metalloproteinases
(TIMPs). These are commonly expressed at tumor sites
[246]. The expression in the tumor microenvironment of
MMPs and their inhibitors is quite diverse, and although
cancer cells from various tumors can express members of
the MMP and ADAM families and also TIMPs, most of
the MMP source of proteinases comes from the stromal
cells infiltrating the tumor [247].

The function of the MMPs in the tumor microenviron-
ment is diverse and complex, but we will try to mention
some of the more important ones involved in tumor es-
cape. ROS in tumors can influence the function of MMPs
and the inflammatory responses at tumor sites generates
large amounts of ROS produced by activated neutrophils
and macrophages, and Rupp et al. [248] have shown that
the binding of MMP-2 to integrin a,f; via its hemopexin
domain is crucial for mesenchymal cell invasive activity.
Several investigators [249-251] have shown that high
local concentration of active MMP-14 on the cell mem-
brane of metastatic cancer cells play very important roles
in cell migration. It is now known that mechanical forces
contribute to tumor progression [252] probably by mo-
dulating proteolysis of the ECM. These forces unwind
the conformation of MMP substrate proteins allowing
cleavage and recognition by proteinases. Butcher et al.
[252] reported that fibronectin is cleaved by several
MMPs and that the mechanotranstructural unfolding of
fibronectin might initiate proteolytic degradation of this
MMP substrate. The progression of tumors is often char-
acterized by more tissue stiffness, altered blood flow and
increased interstitial fluid pressure. Thus, it is possible
that mechanical mechanisms of mechanical force are
regulatory factors of MMP function in the tumor micro-
environment.

For more than 40 years MMPs have been implicated in
cancer and the fact that MMP mediated ECM degrada-
tion leads to cancer cell invasion and metastasis was a
guiding force of MMP research [253]. However, clinical
trials of MMP inhibitors failed to increase the survival of
cancer patients [254]. Therefore MMPs are more com-
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plex than thought and rather than just degrading physical
barriers they also affect multiple signaling pathways that
control biological processes and disease. MMPs also in
some circumstances exhibit tumor suppressive effects
and mediate a number of biological effects on these sur-
rounding tissues.

MMPs can affect growth signals of cells and may be
very involved in disrupting the balance between growth
and antigrowth signals in the tumor microenvironment.
They influence the functionality or bioavailability of
multiple important regulatory growth factors. One such
factor is TGF-$, which is exploited by the tumor, and is
turned into a tumor promoting factor that increases inva-
sion and metastasis [255]. The tumor cells often acquire
nonresponsiveness to TGF-£, which suggest that MMP
proteolytic effects selectively promoting stroma-medi-
ated invasion and tumor metastasis. The ligands for the
epidermal growth factor receptor (EGFR) are potent dri-
vers of cell proliferation and are regulators of tissue ho-
meostasis. Malfunction of molecules in this system is
observed in breast cancer and other malignancies [256,
257]. Evidence has revealed a potential role of ADAM
proteinases in the regulation of the EGFR pathway. Ac-
tivation of EGFR results in the upregulation of MMP-9,
which degrades E-cadherin, potent controller of many
important cellular functions including cell differentiation
and cell-cell adhesion. The association of MMP-9, EGFR,
and E-cadherin probably play a role in ovarian cancer
progression as MMP-9 and activated EGFR colocalize in
specimens within a region of reduced E-cadherin. The
cleavage of E-cadherin by MMP or ADAM proteinases
definitely has an impact on cell proliferation.

The role of MMPs in regulating apoptosis is now be-
coming evident, and MMP function interferes with the
induction of apoptosis in malignant cells probably by
involving the cleavage of ligands or receptors that pro-
mote proapoptotic signals. Mitsiades et al. [258] showed
that MMP-7 cleaves the Fas ligand from the surface of
doxorubicin treated cancer cells which lowered the im-
pact of chemotherapy by abrogating apoptosis. Schulte et
al. [259] have shown that ADAM-10 may suppress apo-
ptosis induction by cytotoxic lymphocytes via the degra-
dation of Fas ligand, therefore disrupting the Fas recap-
tor-triggered cell death of target cells. More importantly,
the proteolytic shedding of tumor-associated MHC class
I-related proteins MICA and MICB by ADAM-17 may
suppress NK cell mediated cytotoxicity toward cancer
cells and could potentially interfere with a directed anti-
tumor immune response [260].

MMPs also play a role in angiogenesis and lymphan-
giogenesis which contributes to tumor invasion and me-
tastasis. Some of the major MMPs involved in cancer
angiogenesis are MMP-2, -9, and -14 and to some extent
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MMP-1 and -7. MMP-9 plays a distinct role in angio-
genesis by regulating the bioavailability of VEGF the
most important inducer of tumor angiogenesis. MMP-9 is
also required for vasculogenesis, as well as playing an
important role in angiogenesis; and it could be a target
for adjunct therapy to enhance the radiotherapy response
of tumors [261]. Nakamura et al. [262] have shown by
using MMP inhibitors that MMPs promote lymphangio-
genesis which plays an important role in tumor biology.
The inhibition of both angiogenesis and lymphangio-
genesis reduces lymph node metastasis.

Tumors secrete soluble factors that contribute to a me-
tastatic niche in distant organs. This takes place before
dissemination of tumor cells and is termed the premetas-
tatic niche. MMP-9 has proved to be critical for the for-
mation of this metastatic niche, probably linked to its
ability to liberate VEGF and thus support angiogenesis
[263]. There is evidence that MMPs are major regulators
of innate and acquired immunity. MMPs modulate the
function of chemokines and cytokines which have con-
sequences of immunoregulatory function in the tumor
microenvironment [264]. There is new research evidence
on the nonproteolytic function of MMPs which may ex-
plain why earlier clinical trials using inhibitors of MMP
catalytic domains were unsuccessful as anticancer thera-
peutics. By knowing more about expression patterns, we
may in the future be able to make better rational deci-
sions about what combination of MMP inhibitors and
anticancer drugs to use.

It would be very difficult to concisely summarize the
molecular mechanisms described here on tumor escape
mechanisms. Therefore, we recommend a tremendous
review entitled “Tumor-Driven Evolution of Immuno-
suppressive Networks During Malignant Progression”
published by Kim and colleagues [241]. It is so complete,
well done, and covered a wide range of immunosuppres-
sive networks that we believe it is worth quoting verba-
tim the introductory abstract as follows:

“Tumors evolve mechanisms to escape immune con-
trol by a process called immune editing, which provides
a selective pressure in the tumor microenvironment that
could lead to malignant progression. A variety of tu-
mor-derived factors contribute to the emergence of com-
plex local and regional immunosuppressive networks,
including vascular endothelial growth factor, inter-
leukin-10, transforming growth factor-f, prostaglandin
E,, and soluble phosphatidylserine, soluble Fas, soluble
Fas ligand, and soluble MHC class I-related chain A
proteins. Although deposited at the primary tumor site,
these secreted factors could extend immunosuppressive
effects into the local lymph nodes and the spleen, pro-
moting invasion and metastasis. Vascular endothelial
growth factors play a key role in recruiting immature
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myeloid cells from the bone marrow to enrich the mi-
croenvironment as tumor-associated immature dendritic
cells and tumor-associated macrophages. The under-
standing of the immunosuppressive networks that evolve
is incomplete, but several features are emerging. Accu-
mulation of tumor-associated immature dendritic cells
may cause roving dendritic cells and T cells to become
suppressed by the activation of indoleamine 2,3-dioxy-
genase and arginase | by tumor-derived growth factors.
Soluble phosphatidylserines support tumor-associated
macrophages by stimulating the release of anti-inflam-

matory mediators that block antitumor immune responses.

Soluble Fas, soluble FasL, and soluble MHC class
I-related chain A proteins may help tumor cells escape
cytolysis by cytotoxic T cells and natural killer cells,
possibly by counterattacking immune cells and causing
their death. In summary, tumor-derived factors drive the
evolution of an immunosuppressive network which ulti-
mately extends immune evasion from the primary tumor
site to peripheral sites in patients with cancer.”

Kim and team [241] also discuss in detail the clinical
implications of disrupting the immunosuppressive net-
works, and present many tips and suggestions on how
cancer immunotherapeutic protocols could be imple-
mented to improve effector cytolytic T-cell function and
at the same time disrupt the many mechanisms of im-
munosuppression. This review is well worth the reader’s
time, if they desire a great detailed presentation of tumor
immunosuppression.

5. Conclusions

We are now at the end of this journey on the relationship
of the tight partnership of tumor iron metabolism, mito-
chondrial dysfunction and tumor immunosuppression.
These partners are interrelated and they promote and aid
each other to promote growth, progression, metastasis,
immunosuppression, with the ultimate outcome being
death of the patient. It is only by understanding the com-
plexity of these interwoven partners in cancer growth,
that we will be able to design strategies to inhibit and
disrupt these complicated mechanisms and thus prevent
cancer progression and death. We can design attacks at
all levels of the partnership and the combined approach
will allow for better treatment results, with probably less
toxicity and much better overall survival. The time is
now for us to launch a specific multipronged attack and
eliminate this dreaded and tragic disease.

The road traveled on this review has also convinced us
that remarkably Warburg was pretty much right on target
about the role of mitochondrial dysfunction in malign-
nancy. The evidence is accumulating every day. We will
soon be presenting some exciting evidence that mito-
chondrial dysfunction not only plays a role in tumori-
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genesis, but it also contributes to aggressiveness and drug
resistance. The future discoveries will only make it even
more remarkable the contributions of Warburg, espe-
cially in the era he worked. This communication is a
humble tribute to his great research and observations, and
we honor and greatly appreciate his tremendous contri-
butions.
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