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Antibody targeting of cancer is showing clinical and commercial
success after much intense research and development over the last
30 years. They still have the potential to delivery long-term cures
but a shift in thinking towards a cancer stem cell (CSC) model
for tumor development is certain to impact on how antibodies are
selected and developed, the targets they bind to and the drugs used
in combination with them. CSCs have been identified from many
human tumors and share many of the characteristics of normal
stem cells. The ability to renew, metabolically or physically protect
themselves from xenobiotics and DNA damage and the range of
locomotory-related receptors expressed could explain the obser-
vations of drug resistance and radiation insensitivity leading to
metastasis and patient relapse.

Targeting CSCs could be a strategy to improve the outcome of
cancer therapy but this is not as simple as it seems. Targets such
as CD133 and EpCAM/ESA could mark out CSCs from normal
cells enabling specific intervention but indirect strategies such as
interfering with the establishment of a supportive niche through
anti-angiogenic or anti-stroma therapy could be more effective.

This review will outline the recent discoveries for CSCs across
the major tumor types highlighting the possible molecules for
intervention. Examples of antibody-directed CSC therapies and
the outlook for the future development of this emerging area will
be given.

Monoclonal antibodies are clinically and commercially-established
therapeutics."> A great deal of progress has been made over the last
30 years in overcoming problems and translating the phenomenal
amount of laboratory research into clinical products. However,
antibodies or other molecular interventions against cancer do not
necessarily cure. In many cases, they can increase survival and
improve quality of life. So, have we been hitting the wrong targets?
Certainly, receptors such as human epidermal growth factor-1
(HER1/EGFR), HER2, CD20 and growth factors such as vascular
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endothelial cell (VEGF) and Interleukin-6 (IL-6) are involved in the
cancer process, but have we been overlooking the real culprits?

This review aims to examine the biology of cancer stem cells
considering the markers defining them and their survival and will
describe the new antibody-focused strategies emerging to target them
for more effective treatment of cancer.

Introduction to Cancer Stem Cells (CSCs)

The ‘Seed and Soil’ theory of the English surgeon Paget, in 1889,
significantly pre-dates the current cancer stem cell hypothesis and
once again shows how many of the best theories were thought about
many years ago, went generally unnoticed but were later supported
by technological advances. Paget surveyed breast cancers in patients
and was struck by the discrepancy between blood supply and site of
metastasis in some organs. He concluded that cancer cells (‘seeds’)
could only grow in congenial conditions (‘soil’). This theory contra-
dicted the previous view that tumor cells lodged in the vasculature,
and was challenged by others over the next 100 years. However, after
120 years of scrutiny, it seems that this view was correct. The ‘seed’ is
now the cancer stem cell/tumor-initiating cell/progenitor cell and the
‘soil” is made up of stroma, host factors and all the interactions within
an organ which regulate angiogenesis, adhesion and migration.

The multi-step, clonal evolution nature of cancer development
has been the accepted paradigm for many years with the central
idea that the majority of cancer cells are tumorigenic after having
accumulated key mutations.*> A pathway to tumorigenesis occurs
whereby cells acquire six hallmarks: self sufficiency in growth
signaling, insensitivity to anti-growth signaling, evasion of apop-
tosis, unlimited replicative potential, sustained angiogenesis and
tissue invasion. Being a genetic disease, an early event is usually a
defect in DNA stability, the so-called ‘caretaker’ pathway, followed
by the loss of a tumor suppressor gene or activaton of an oncogene
(‘gatekeeper’ pathway).%> The explanation that the key tumorigenic
mutations occur in a few cells that can self-renew and reside in
tissues long-term is a major shift in thinking and has wide-ranging
implications for cancer therapy. The view that is emerging is that
cancer originates from tissue stem/progenitor cells through dysregu-
lation of the self-renewal process and that these CSCs drive tumor
growth. Chemotherapy and radiotherapy intervention destroys the
proliferating and differentiated cells that form the bulk of the tumor,
but are largely ineffective against the relatively quiescent/dormant
CSCs which have protective mechanisms for repairing DNA and
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Table 1 Antibody-mediated cancer stem cells (related) therapies
Target Cancer Effect (Reference)
CD44 Acute myeloid leukaemia (AML) Inhibited tumor proliferation, increased apoptosis, inhibited niche

Pancreas, AML

Head and neck cancer

p-glyco-protein 1,
hyaluronate (HA) receptor

Melanoma
EpCAM Epidermal surface Ag
CD326, flofillin
CD133 Prominin-1
CD24 Heat-stable antigen

Colon, prostate
Breast, prostate, ovarian, Gl, colon
Hepatocellular cancer

Colon, pancreas

CXCR4 Multiple melanoma
Prostate
Colon
IL-4 Colon
IL-6 Prostate
PSCA Prostate
Prostate
CD200 Chronic lymphocytic leukaemia (CML)
CD123 AML, CML
DLL4 Various (colon, breast)
Colon
Frizzled Colon, breast
Wht Non small cell lung cancer
Notch Breast
Various tumors
Patched Pancreas
Integrin Various tumors
Prostate
Colon
ALDH-1 Melanoma
VEGF/VEGFR Glioma

localization/protection®4
Inhibited tumor growth in vivo%®
Radioimmunotherapy inhibited tumor growth®?.70
Drug conjugate inhibited tumor growth but side effects”!.72
Inhibited tumor growth, decreased metastases, increased animal survival”>
Inhibited tumor growth,84 in clinical trials®>
Inhibited tumor growth via ADCC mech.,8” clinical trials8¢
Potent drug conjugate in vitro80
Inhibited tumors in vivo via CD24 degradation?”
Inhibited tumor growth!3!
Inhibited tumor growth!52
Inhibited tumor growth!33
Sensitized tumor cells to chemotherapy!02
Inhibited tumors in vivo, in clinical trial27
Inhibited tumors in vivo (signaling?)120
Inhibited tumor metastases'?!
Reversed immunosupression = tumor rejection!33
scFv-pseudomonas exotoxin killed cells'28
Increased non-productive angiogenesis to inhibit fumor growth!14

Inhibited tumors with chemotherapy!12

Inhibited tumors in vivo!1®

Inhibited tumors by increasing apoptosis!!é

Targeted non-ligand binding site, inhibited tumors with chemotherapy!08

Targeted ligand-binding site, inhibited tumors with chemotherapy'%?

Inhibited tumor cell lines'1”

Inhibited tumors in vivo!5¢

Inhibited tumors in vivo'%”
Inhibited tumors making more radiosensitive!¢0:161
Inhibited tumor growth and eradicated tumors by ADCC?4

Inhibited tumor growth by disrupting niche2!38.141,142

Summary of cancer stem cell markers and key antibody-mediated cancer stem cell-related therapies.

counteracting cytotoxic drugs (see below). Most therapies do not
target self-renewal pathways. To overcome radiation/drug resistance
which leads to patient relapse, we must target the CSCs.

Cancer stem cells can represent approximately 0.1-10% of all
tumor cells and their antigens are typically expressed at lower levels
than the ‘established’ tumor-associated antigens (Table 1). Unlike
these, the discovery of CSC antigens was not based on their over-
expression but due to their presence on populations of cells which
had stem cell-like properties.>!2 This made their discovery difficult.
The first reports of CSC were in 1997 for acute myeloid leukaemia
(AML)® which were shown to be CD34*CD38", similar to normal
haematopoietic stem cells. The variable expression levels on CSC
and often co-expression on normal stem cells has made CSC antigen
distinction, as possible therapeutic targets, difficult.

Progress in the field of stem cell biology has been hindered by
difficulties in identifying, isolating and characterizing stem cells.
Functional properties such as self-renewal and differentiation were
used but more recently, cell surface markers such as CD133 and

www.landesbioscience.com

CD44 in combination with flow cytometry have identified sub-
populations.6’12 Using mouse xenograft assays, serial transplantation
of tumor cells have identified clones which are able to form tumors
resembling the original tumor. Reports from different tumor models
have shown that as few as one hundred CSCs were sufficient to
initiate tumor formation in vivo.!? In vitro assays such as the ability
to form multicellular spheroids have also facilitated studies.”

Characteristics of Cancer Stem Cells

Normal stem cells (bone marrow, hair, gastro-intestinal mucosal)
recover after chemo- and radio-therapy, therefore the CSC model
can explain the occurrence of patient relapse in that CSCs form a
reservoir for disease recurrence after treatment. CSCs resistance to
radiotherapy is primarily due to slow cell cycling, lower proliferation,
increased expression of DNA repair and anti-apoptosis genes. This
has been seen in CD133* glioblastoma cells'> and CD44*/CD24
breast cancer cells.'* All these properties may explain tumor relapse
in cancer patients, where radiation-resistant tumor cells regrow after
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radiotherapy. Radiation-treated glioblastoma tumors contain a higher
level of CD133* cells which were radio-resistant. Closer inspection
of these cells found higher levels of DNA repair in pathways such
as DNA checkpoint kinases (chk).!> Small molecule inhibition of
chk-1 or chk-2 kinases could reverse this and make CSCs more
sensitive to radiation.!?!> Notch-1/Jagged pathway defects are also
related to radiation resistance.!> Radiation-induced death works by
the formation of damaging reactive oxygen species,'® so a hypoxic
environment which is likely to occur in solid tumor niches would
result in less effective cytotoxic damage.!” This could also explain
CSCs insensitivity to radiation-induced damage.

CSCs are also thought to contribute to chemotherapy resistance.
Low proliferation and effective DNA repair can modulate this,®
however specific membrane proteins have been associated with CSC
drug resistance. 14 ATP-binding cassette (ABC, see below) drug
transporters are membrane efflux, proteins pumps which are highly
expressed in normal SCs providing protection from xenobiotic mole-
cules. The ABC-B1/MDRI and ABC-G2 pumps are also expressed
in many tumors.'8 The function of these receptors can be monitored
by the expulsion of fluorescent molecules such as the Hoecht 33342
dye. This property allowed CSCs to be separated by flow cytometry
from non-stem cells, as a so-called ‘side populaltion’.ls’19 Leukaemic
side population cells, enriched for CSCs have increased ability to
pump out chemotherapy drugs such as daunorubicin and mitoxan-
throne.?% Such receptors are obvious targets for inhibitors, especially
small molecules. However, they may cause toxicity due to their role
in normal stem cells. Additionally, CSCs express metabolic enzymes
such as aldehyde dehydrogenase (ALDH-1, see below) which confers
resistance to cyclophosphamide in normal stem cells. ALDH-1 is
amplified in leukaemic CSCs rendering them resistant to cyclophos-
phamide and by breast CSCs where it indicates poor prognosis.?!
Blocking the function of surface expressed drug pumps may be an
interesting approach in combination with chemotherapy for CSC
therapy.! Although gemcitabine is often used as first line therapy in
pancreatic cancer, it has recently been shown that pancreatic CSCs
may be resistant to gemcitabine.’?> Glioma CSCs are resistant to
several drugs including temozolamide, carboplatin, etoposide and
paclitaxel.?? Akt signaling activity is thought to mediate resistance
in hepatocellular CSC?4 indicating an upregulation in the survival
pathway.

The CSC model also proposes that CSCs reside in a supportive
niche, often hypoxic but of a poor vascular supply (Fig. 1). This
would result in poor drug perfusion contributing to an ineffective
chemotherapy response. This idea is addressed later in detail.

Markers on CSCs

Acute myeloid leukaemia (AML). Cells responsible for tumor
initiation and recurrence were first discovered in AML in 1997.6
Here, CD34*CD38" leukaemic stem cells, isolated by flow cytometry,
shared markers with normal haematopoietic stem/progenitor cells
(HSC:s). These cells had the capacity to engraft in non-obese diabetic
severe combined immunodeficient (NOD-SCID) mice. A leukaemic
hierarchy was discovered within the clonally heterogenous tumor
population of undifferentiated myeloid blasts. Leukaemic CSCs
continually replenished these tumor cells. AML CSCs are relatively
quiescent and unresponsive to anti-proliferative therapies, explaining
why less than 30% of patients with AML will survive. This important

work raised many questions, particularly whether leukaemic CSCs,
like their normal HSC counterparts, were dependent on the bone
marrow stem cells niche, a supporting microenvironment. If true,
new therapeutic approaches disrupting adhesion and migration to
this niche could be exploited. As we will see below, this approach has
yielded many examples and successes.

Breast cancer. Breast cancer stem cells were identified using
similar approaches for AML. Breast CSCs have been shown to
express CD44, but have low amounts of CD24. It has been shown
that as few as 100 (CD44*/CD24'%) cells were able to initiate

7 in contrast to 100-times more cells without this

tumors in vivo,
marker distribution being unable to form tumors. Breast CSCs also
express the drug-metabolising enzyme, ALDH-1, like normal breast
stem cells. CD44*/CD24!°%/lin"/ADH* breast CSCs were found to
be 10-times more tumorigenic.?> Breast CSCs were also shown to
be CD44*CD24!°%/ESA*.26 The presence of CD44 may be related
to the adhesion function required in metastasis and CD24 is a nega-
tive regulator of the chemokine receptor CXCR4, another molecule
involved in breast cancer metastasis.”” These receptors are discussed
below.

Pancreatic cancer. As in breast CSCs, CD44, CD24 and ESA
antigens were examined in pancreatic cancer stem cells, using primary
tumor samples from patients.!! Cells with the CD44*/CD24*/ESA*
pattern (present in less than 1% of the patients’ pancreatic tumor
cells) had the highest tumorigenic potential whereas CD44/CD247/
ESA™ cells were at least 100-fold less tumorigenic.!! Recent studies
have also identified CD133 (see below) as a marker in pancreatic
CSCs present in 1-3% of tumor cells. This opens up the possibility
of more than one CSC subtype. There was a 14% overlap between
the CD133* and CD44*/CD24*/ESA* cells in pancreatic cancer
but no overlap between CD44*/CD24" and CD133* breast CSCs
subpopulations.?>?8 Tt is further possible that pancreatic CSCs
possessing all four markers (CD44*/CD24*/ESA*/CD133") are even
more tumorigenic.

Prostate cancer. Like the breast, the prostate is a hormone-regu-
lated gland whose regeneration is regulated by androgen. Prostate
stem cells appear to be present in the basal compartment and don't
express androgen receptors.?” Prostate Stem Cell Antigen (PSCA,
see below) has the potential to be a CSC marker but is more likely
to be expressed on differentiated cells as is the androgen receptor
(AR).%° Self-renewing tumor cells have been isolated from primary
prostate cancers (and later from cell lines and xenografts) bearing the
CD44*CD133*02B1M" markers (the latter being integrin receptor
subunits). In mice, this subpopulation of 0.1% total prostate tumor
cells had tumor-initiating capacity.?”

Head and neck (squamous cell carcinoma). As in other solid
cancers, the CD44* population of tumor cells from patients with
head and neck cancer can initiate tumor growth in immunodeficient
mice.’! CD44*lin" cells were shown to be able to self-renew and
are predominantly basal cells that co-localize with cells expressing
the stem cell survival factor bmi-1. Soluble CD44 is found as a
biomarker in head and neck cancer patients, whose levels reduce
upon treatment.>? Some CD44 splice variants have been identified
and one was subject of an antibody-targeted therapy (see below)
before the emergence of the CSC model.

Glioblastoma. Glioblastoma CSCs have been identified primarily
by the cell surface marker CD133,!? but the intracellular signaling
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Figure 1. For figure legend, see page 16.
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Figure 1. Cancer stem cell-related antibody targeting. Tumors are proposed to contain a CSC niche which supports the small number of CSCs through cell-
matrix interactions. These CSCs, bearing receptors for adhesion and self-renewal give rise to the bulk tumor cells which also have tumor-associated antigens
as well as daughter CSCs. Metastatic CSCs may arise when receptors involved in invasion and homing are expressed. Growth factors are expressed which
stimulate tumor angiogenesis, migration to metastatic sites and promote proliferation and protection within existing niches. Chemotherapy drugs have poor
access to the tumor. Factors which could be modulated by antibody intervention are shown as well as the use of stem-ell renewal-specific drugs for a com-
binatorial approach to CSC therapy. Refer to the key for the types and examples of receptors and CSC-factors.

molecule nestin has also been associated.!? CD133* brain CSCs
from patients escaped lethal radiotherapy damage by activation of
DNA repair checkpoint enzymes chk-1 and chk-2. After irradia-
tion, CD133* cells were enriched in the population compared to
CD133 due to a reduction in apoptosis.'? This points to a mecha-
nism where CSCs upregulate their capacity for DNA repair.!3 In
a parallel study,®® the bone morphogenic protein (BMP) pathway
was found to regulate CD133* brain CSC differentiation. Exposure
of CD133* brain CSCs to BMP induced morphological changes,
decreased proliferation and invasion. In vivo, this approach led to a
reduction in tumor growth and points to a way to make such CSCs
more susceptible to conventional therapy. As will be discussed later,
much of the work regarding CSC niches and supportive microenvi-
ronments in solid tumors have come from studies on brain tumors.

Colon cancer. Gastro-intestinal stem cells have been extensively
studied due to their role in the structure and function of the colon
crypt and the high rate of cell renewal in colonic epithelium.?* CSCs
which are able to form tumors after transplanting 100-3,000 cells
have been identified as CD44"ESA*.34 A subpopulation within this
which were CD166" were even more tumorigenic.36 Additional
properties such as drug resistance to cyclophosphamide is mediated
by expression of ALDH-1 in colon cancer exposed to chemo-
therapy.?”

Signaling Pathways

As with cell surface markers, CSCs share various signaling char-
acteristics with normal stem cells, but they also contain unique and
disease-specific features and pathways with potential for exploitation
as therapeutic targets. Normal SCs have the ability to differentiate
into a variety of cell types and generate numerous daughter cells.
A characteristic feature of self-renewing cells is an increase in telom-
erase activity, the enzyme which ensures that the length of telomeres
remains constant after cell division. This means that the cells are
not subject to the aging effect and maintain an infinite replication
potential. As the cells differentiate the progenitor cells lose their
ability to self-renew, probably from loss of telomerase activity.>® The
case is similar for cancer stem cells: telomerase activation occurs in
most human haematological neoplasia, indicating that telomerase
activation and telomere stabilization are necessary for cancer stem
cell progression.?? In addition, telomerase activity is upregulated in
glioblastoma multiforme but is undetectable in human fetal neural
stem cells, suggesting that telomerase is also a key component in
CSC populations.“? Taken together, these studies point to a molec-
ular model in which the telomerase molecular mechanism that helps
to define normal stem cells also defines cancer stem cells.

The signaling pathways that govern normal SC proliferation are
also those promoting carcinogenesis, by initiating CSC proliferation.
Deregulation of signaling pathways, such as p53/p21, Notch, Sonic
hedgehog (Shh) Wnt/-catenin, Bmi-1 and Hox gene family products,
can lead to transformation of SCs into CSCs.*!

The Notch pathway functions in determining a diverse array of
cell fates and regulates many cellular processes during embryonic
development and throughout adulthood. It has been associated with
several human cancers, including cervical, lung, breast carcinoma
and neuroblastoma.“? Direct evidence that Notch signaling is acti-
vated in a wide variety of human breast carcinomas was observed,
and was accompanied by the accumulation of its cleaved form—the
Notch intracellular domain (NICD)—and the expression of known
downstream target genes.*3 More significantly, its was shown that
attenuation of Notch signaling reverted the transformed phenotype
of human breast cancer cell lines, suggesting that inhibition of Notch
signaling may be a therapeutic strategy for this disease (see below).

The Hedgehog molecules (e.g. Hh) are important signaling
proteins in the development of embryonic stem cells and in the
differentiation of many tissues. In normal tissues, the pathway has
been shown to be involved in the maintenance of haematopoietic
stem cells and expansion of progenitors, in postnatal and adult
brain development, and in the development of skin, hair follicles
and sebaceous glands.44 Hedgehog (Hh) binds to the cell-surface
receptor Patched (PTCH) and signals through the Smoothened and
GLI proteins. Hh overexpression leads to the unregulated growth
of tissue stem cells. This drives hyperproliferation and makes the
stem cells targets for genetic events that could drive them into the
formation of tumor stem cells. Continued evolution of the tumor
stem cells could occur to give rise to metastatic cells or further drug
resistance. Components of the Hh-PTCH pathway are disrupted
or overexpressed in a large number of tumors, including sporadic
medulloblastomas, breast, prostate, stomach, colon and pancreatic
cancers. >

The Wnt-dependent signaling pathways are conserved through
evolution and control many events during embryonic development.
Secreted Wnt ligands bind to Frizzled receptors and activate cascades
important in development. Inappropriate regulation and activation
of these cascades is associated with several pathological disorders
including cancer (notably in 90% of colorectal cancer), retinopathy,
and bone and cartilage disease such as arthritis. In addition, recent
research suggests that Wnt signaling is also essential in stem cell
self-renewal.“¢ The expression of Wnt proteins in the bone marrow
suggests that they may influence haematopoietic stem cells (HSC:s)
as well. Wnt signaling has been shown to increase the expression of
HoxB4 and Notch-1 genes, both of which are implicated in the speci-
fication and/or self-renewal of HSCs.47

The Bmi-1 protein also plays a crucial role in regulating the self-
renewal process of SCs and CSCs. The Bmi-1 proto-oncogene takes
part in haematopoietic and neural SC self-renewal maintenance8 via
cyclin-dependent kinase inhibition. Lack of pl6, accompanied by
abnormal Bmi-1 function, promotes cell proliferation by increasing
its self-renewal potential, whereas a lack of the p14 inhibitor hinders
proapoptotic gene expression. These have been shown to play a role
in stem cell senescence in the blood, brain and pancreatic islet cells.
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In patients with AML, expression of Bmi-1 is higher in AML cells
than in normal bone marrow.#?

The above studies provide evidence for the existence of CSCs with
the following characteristics.

Five Key Characteristics of (SCs

(1) Only a small portion of the tumor cells in a tumor have
tumorigenic potential when transplanted into immunodeficient
mice.

(2) The CSC subpopulation can be separated from other tumor
cells by sorting with distinctive cell surface markers.

(3) Tumors resulting from CSCs contain the mixed tumorigenic
and non-tumorigenic cells of the original tumor.

(4) The CSC subpopulation can be serially transplanted through
multiple generations, showing that it is a self-renewing population.

(5) CSCs tend to be resistant to conventional therapies such as
radiation, hormones, cytokines and chemotherapy due to signaling
and gene expression differences.

Targeting CSCs

The concept of molecular targeting of diseased cells is a rather
old one® but the tools enabling this to be done effectively were
not available until the pioneering work of Kohler and Milstein®!
produced murine cell lines capable of secreting defined antibodies.
Many highs and lows followed antibody therapy development,!?
but technologies such as chimerization,”® humanization,? phage
display,>® antibody engineering,? cell-line development®® and the
booming biotechnology industry have greatly facilitated their clinical
and commercial success. The targets of such antibodies represent the
so-called ‘low hanging fruit’ of tumor-associated antigens. Receptors
such as EGFR1, HER2, CD20, CEA, EpCAM and MUCI are
highly overexpressed in the majority of cells within many tumors and
were thus relatively easy to identify and characterize.’®

Due to their relevance to the development of cancer, CSCs are
natural targets for antibody-directed therapies. The limitations are
that compared to existing antibody therapies, CSCs are typically
present at very low levels. CSC markers overlap with other CSCs and
normal stem cells’” and the absence of certain markers also serves to
classify certain CSCs (Table 1). This means that the identification
and validation of CSC antigens for the generation of antibody thera-
peutics is still in its infancy. There are many other markers which are
not strictly CSC antigens but are molecules which support CSCs in
their niche within the tumor microenvironment (see below). These
of course are also targets for CSC therapies and represent an indirect
approach (Fig. 1). The CSC-related markers described below are not
restricted to CSCs alone therefore the goal in antibody targeting is to
bring about the specific destruction of CSCs whilst sparing normal
cells. Antibody parameters such as dose, affinity, epitope will be
important factors to optimize in development,>>® but more elaborate
approaches such as dual-targeting may represent a new challenge for
antibody developers (see below).

Targeting ‘Confirmed’ CSC Markers

The characterization of CSCs has led to a number of experimen-
tally ‘confirmed’ markers as well as markers involved in the process.
These will be described below and a general therapeutic summary is
provided in Figure 1.
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CD44. CD44, the cell-surface extracellular matrix receptor is
probably the most established and common CSC marker. It therefore
deserves some detailed description. It is a highly glycosylated, type-1
transmembrane p-glycoprotein of around 90 kDa.>? Variant isoforms
are expressed in a subset of cells including embryonic cells progenitor
cells and cancer. Hyaluronic acid is a major glycosaminoglycan
component of the extracellular matrix and CD44 binds it (as well as
other matrix proteins to a lesser extent) as part of its adhesive prop-
erties. Despite lacking an intrinsic kinase domain, CD44 mediates
signaling through many protein interactions ranging from matrix
metalloproteases, growth factor receptors, Src/Rho kinases and
transcriptional regulators. Thus CD44 can have multiple signaling
functions, from proliferation, apoptosis, survival, migration and
differentiation and these functions greatly depend on the cell-type
CD44 is expressed on, the proteins interacting and the CD44-
epitope bound.®® This somewhat accounts for the presence of CD44
on many CSCs, but having different effects, especially when modu-
lated by antibodies. Thus CSC antigen context is important, even as
far as saying that the lack of a certain receptor will define a subset of
CSCs (Table 1).

Anti-CD44 antibody therapy represents the major anti-CSC
approach. Just after leukaemic CSCs were discovered and character-
ized,® antibodies were used to selectively induce differentiation or
inhibit proliferation to eradicate them. So far, studies on normal
myelopoiesis showed that CD44 binding did not lead to any unde-
sirable side-effects.®! In the context of AML, Anti-CD44 antibodies
H90 and A3D8 promoted terminal differentiation of AML blasts,?
inhibited proliferation by stabilizing p27°3 and induced apoptosis.®!
Then in 2006, Jin et al.®* showed that H90 anti-CD44 therapy
eradicated AML CSCs showing that it interfered with transport to
a stem cell supportive microenvironment (see below). Commercial
development of this antibody is expected.®®

Given this promising result, a number of other anti-CD44
antibodies are being developed. Young et al.%® describe H460-16-2
which was made into the humanized HuUARH460-16-2 anti CD44
monoclonal antibody. A dose of 2 mg/kg caused almost 80% growth
inhibition in BxPC3 pancreatic cancer xenografts and 57% tumor
growth inhibition by binding to CD34*CD38~ AML CSCs at a dose
of 10 mg/kg.? Increased median survival was also seen and this anti-
body is close to entering clinical trials. Other anti-CD44 antibodies
include a panel of clones developed by Dyax Corp some of which
interact with the CD44-HA interface.”

In head and neck cancer, a splice-variant of CD44, CD44v6
was targeted by monoclonal antibodies and immunoconjugates
well before CD44’s importance as a CSC marker was appreciated.
In this cancer, the antigen is shed in the circulation, so antibody
pharmacokinetics were hampered by complex formation. BIWA-4
monoclonal antibody (bivatuzumab) was developed as a stand-alone
antibody,®® as radiolabelled conjugates with Rhenium-186,%? and
Technicium-99,7% and microtubule inhibitor mertansine.”’”2 The
radio-immunotherapy trials generated moderate responses with
stable disease in around half the patients studied, however, the
mertansine conjugates showed severe and dose-limiting skin toxici-
ties due to CD44v6 expression in the skin and these clinical trials
were discontinued.”!72 Recent evidence suggests that CD44 may
co-localize with EGFR and co-regulate CSC signaling®? increasing
chemotherapy resistance in head and neck SCC.”> CD44/EFGR
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signaling acts through increased PKC/Akt signaling leading to
increased tumor motility in melanoma by upregulating MMP and
ROS.74 This opens up opportunities for combination antibody
therapy with lower toxicity such as co-targeting with EGFR.

Another older study was in melanoma where monoclonal anti-
body GKW.A2 was used in melanoma xenografts’> which led to a
decrease in tumor metastasis and increased animal survival, showing
use of the strategy of disrupting the HA-CD44 interaction to alter
cell proliferation and motility.

Conversely, the CD44-HA pathway may be important in tumor
escape from receptor-orientated therapy.”® High expression of CD44
in JIMT-1 cells correlated with HER2 downregulation and siRNA
inhibition of CD44 decreased the rate of trastuzumab-mediated
HER?2 internalization and trastuzumab-mediated growth inhibi-
tion. Inhibiting HA synthesis using the drug 4-methylumbelliferon
(4-MU) enhanced the binding of trastuzumab to HER2, making
trastuzumab therapy more effective.”®

CD133. CD133 was the first molecule of the pentaspan/
prominin family of membrane proteins to be identified. It is a 120
kDa, highly glycosylated 5-span transmembrane protein.”” Its func-
tion is still unclear but may be involved in the organization of the
plasma membrane. CD133 is found on CD34* haematopoietic
progenitor cells, but also one of the key markers linked with CSCs.
The monoclonal antibodies AC133 and AC141 were discovered
over ten years ago which recognize still as yet poorly characterized
glycoprotein epitopes.”® CD133 is one of the most appropriate CSC
markers in colon cancer whose expression correlates closely with low
survival.”® Carter et al. conjugated the AC133 antibody to a highly
potent cytotoxic drug, monomethyl auristatin, using a protease-
cleavable linker. This immuno-conjugate internalized, colocalized
with the lysosome and potently killed Hep3B hepatocellular cancer
cells with an IC, value of 2 ng/ml in vitro.%" In vivo tumor growth
delay was seen with 3 mg/kg. They noted that Su86.86 cells were
insensitive to this immuno-conjugate, even though it was internal-
ized, but not processed in the lysosome. This differential trafficking
could add another level of specificity to CSC targeting®® if this could
be compared and determined effectively between CSC and normal
cells.

ESA/EpCAM. ESA/EpCAM is one of the most highly- and
frequently-expressed tumor-associated antigens, being found on a
wide range of epithelial cancers.®! It was the target of one the earliest
approved monoclonal antibodies, edrecolomab (Panorex), which was
later withdrawn due to randomized phase III clinical trials showing
no overall benefit after 26 months.®? It is a type-I single-span trans-
membrane, calcium-independent, homophilic adhesion molecule of
39-42 kDa. It contains a large extracellular domain and 2 EGF-like
repeats.3? Like many tumor antigens (such as MUCI), its normal
basolateral expression pattern changes to an intense and uniform
overexpression. Over the last few years, EpCAM, often called ESA
and many other names (Table 1) has been ‘rediscovered’ as a CSC
antigen in breast, colon, prostate and pancreatic cancers.”!! In
studies on colon cancer tumorigenicity, EpCAMP8MCD44* was seen
as a robust marker with the CD166* cells subpopulation being even
more ‘stem-like.’8

Investigations into anti-EpCAM therapy are continuing.
For example a monoclonal antibody ING1 (heMab-the first
to be humanized using an alternative approach called ‘human
engineering’), showed tumor suppression in colon and prostate
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cancer in preclinical studies®* and was well tolerated in patients given
0.6 mg/kg/week®> and adecatumumab (humanized anti-EpCAM
antibody MT201 being developed by Micromet), which is well
tolerated at a dose of 262 mg/m? in patients undergoing a phase I
clinical trial.8 MT201 showed potent anti-tumor activity in brain,
prostate, ovarian, gastro-intestinal and colon cancer in vitro and
in vivo,%” acting by what is thought to be an antibody-dependent
cellular cytotoxicity (ADCC)/Complement-dependent cytotoxicity
(CDC) mechanism. Recruiting effector cells to tumors using an
anti-EpCAM/anti-CD3 bispecific, trifunctional antibody (catumax-
omab-bispecific T-cell engager:BiTE) is also in advanced studies.?®

Drug resistance proteins. A number of membrane pumps
and enzymes are expressed by normal SCs and CSCs, which
contribute to their increased resilience. Aldehyde dehydrogenase-1
(ALDH-1) is an enzyme involved in alcohol metabolism, but also
drug resistance. Chemotherapy drugs such as cyclophosphamide
and cis-platin generate toxic aldehydes which are metabolized by
ALDH-1.82 ALDH-1 also metabolizes retinal to retinoic acid a
key molecule involved in cellular differentiation and stem cell self
protection, hence, drug resistance.”® ALDH-1 is expressed across
a number of CSC types including breast, prostate, liver and colon,
often in sub-populations of CD133* cells.>>?® ALDH-1 expres-
sion correlates with poor prognosis in breast cancer as determined
from immunohistochemical analyses of almost 600 breast cancer
specimens.”! Another protective mechanism that stem cells possess
is the expression of ATP-binding cassette (ABC) transporters, efflux
pumps which eliminate xenobiotic toxins.”? As mentioned above,
this property was linked to the identification of the ‘side population’
in stem cell sorting.!>18 This led to the identification of this receptor
in tumor-initiating cells from leukaemias®® and melanomas.” The
first example of antibody-inhibition of this receptor type was
demonstrated by Schatton et al.”* An anti-ABCB5 antibody used to
treat melanoma xenografts in mice resulted in a 10-fold reduction
in tumor size and tumor eradication in 70% of the animals treated
given at a dose of 0.5 mg (i.p.) twice per week. A CSC-targeting
ADCC mechanism was proposed, rather than inhibition of drug
resistance, which was not tested.”® There are some concerns that
inhibiting the drug resistance mechanism of ABC transporters could
have side effects due to their normal physiological roles.”?

CD24. CD24 is a small (31 residue) heavily glycosylated,
mucin-like, cell surface, GPl-anchored protein, with multiple O- or
N-linked glycosylation sites. It plays a role in cell selection/matura-
tion in haematopoiesis and embryonic development, signaling via lyn
kinase.?> It is a potential oncogene, overexpressed in 90% of colon
cancers.”® An anti-CD24 monoclonal antibody at 0.3 mg given twice
weekly (i.v.) inhibited tumor growth in vivo. In vitro cell killing was
enhanced by many chemotherapy drugs and closer inspection of the
mechanism showed tumor cell inhibition to be mediated through
CD24 degradation.”’

As described here, breast cancer stem cells express undetectable
or low levels of CD24. However, it has been shown that CD24-
P-selectin interaction is needed for rolling of breast cancer cells and
elevated levels are found on invasive breast cancer suggesting a role
for CD24 in metastasis even though CD44*CD24"% mark breast
CSCs.” The disparity with breast CSCs needs further investigation
but it may be related to a compensatory CXCR4 association with
lipid rafts in CD24" cells leading to increased metastasis.”®
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CD20. CD20 is highly overexpressed in over 90% of B-cell
lymphomas and leukaemias?® and expressed at lower levels on
normal B-cells. It is therefore not a CSC antigen in the context of
haematological malignancies. However, it has been found expressed
on a subpopulation of melanomas which have CSC-like proper-
ties.!%% The successful treatment of lymphoma with rituximab, which
works by a variety of mechanisms!?! suggests that anti-CD20 anti-
body therapy could also be used for a solid tumor like melanoma.

Targeting CSC-Supporting Factors

Interleukin-4. Interleukin-4 cytokine is expressed by some cancers
and in colon cancer has an autocrine effect on colon CSCs. Inhibition
of IL-4 by a blocking antibody was seen to sensitize colon CSCs to
chemotherapy.!%? Therefore, therapeutic strategies involving CSCs
could be to sensitize CSCs to chemotherapy and radiotherapy by
inhibiting stem-cell (“stem-ness”) properties, inhibiting their metas-
tases as well as promoting direct cyotoxicity (Fig. 1). To complicate
things a little, it is well-established that IL-4 has significant paracrine
effects, playing a major role in modulating the immune response and
affecting the T-helper type-1 and type-2 balance. IL-4 leads to a more
immunosuppressive Th-2 immune response, which promotes tumor
growth as opposed to a Th-1 polarized response which enhances
cancer directed immunosurveillance.193

HER2. The elucidation of the pathways that regulate breast
stem cell renewal gives us a clearer picture of how breast cancer
may evolve.1%% HER2 is expressed in around 25% of human breast
cancer and correlates with poor prognosis and high metastasis. !
HER2 inhibition therapies such as trastuzumab in the adjuvant
setting reduced recurrence by almost 50%.19¢ There has been found
a strong correlation between ALDH-1 expression and HER2 overex-

pression!?”

suggesting that HER2 may play a role in breast cancer by
regulating or even driving the stem cell population.

Notch signaling. Notch signaling as outlined above is a central
pathway in cell renewal and development. Although not restricted
to CSCs, Notch signaling intervention is emerging as a hot topic in
cancer drug development.!%® Oncomed Pharmaceuticals have made
alot of progress in targeting these receptors. Lewicki et al.!% describe
an antibody (13M57) which binds to the non-ligand binding region
of Notch which induces a 50% decrease in breast cancer xenograft
tumors in combination with paclitaxel. Oncomed also have developed
antibodies against the conserved ligand-binding region of Notch.
Gurney et al.!1? produced antibodies (90R21, 90R22, 90R29) which
bind to epitopes around the PCEHAGKCINT sequence, which is
where the DLL-family of receptors bind. Tumor inhibition was seen
with these antibodies which were eradicated when used in combina-
tion with paclitaxel chemotherapy. Similar results were seen in colon
cancer xenografts when anti-Notch receptor monoclonal antibody
(59M07) was administered at a dose of 10 mg/kg in combination
with irinotecan chemotherapy.

Notch ligands such as DLL1/3/4/Jagged1/2,!! which could be
antagonized by antibodies are also targets. DLL4 has emerged as
a good candidate with a number of monoclonal antibodies being
developed against it.!!>113 Vascular endothelial cells utilize Notch
and Dlls, with DLL4 almost exclusive expressed on endothelia.
Notch and VEGEF signaling work together to regulate arterial/venous
differentiation but a more complex relationship exists in terms of
vasculogenesis and angiogenesis. VEGF induces Notch activation
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during sprout formation and upregulates DLL4 in the tip cells
which in turn activates Notch in the adjacent stalk cell. Notch/DLL4
signaling provides a negative feedback loop to change the effect of
VEGEF on the stalk cell thereby limiting proliferation. This ensures
the tip grows and the stem remains connected. This opens up the
possibility that Notch/DLL4 is a drug target for tumor vasculature,
since DLL4 is upregulated in tumors, in part by VEGE!!3 A neutral-
ising antibody generated by Genentech scientists against DLL4
increased angiogenesis but the new formed vessels are abnormal and
dysfunctional. This led to an increase in tumor hypoxia and growth
delay.''¥ Oncomed’s 21M18 anti-DLL4 antibody caused tumor
regression in C8 colon cancer tumor models in combination with
5FU and irrinotecan chemotherapy. It has also been tested in combi-
nation with anti-EGFR antibody therapy.'!?

Whnt-signaling. Wnt-signaling is key in cell development and is
upregulated in 50% of cancer.*4 The Frizzled family of receptors
activate Wnt-signaling and consequently, anti-Frizzled-6 (clone
23M2) and anti-Frizzled-5 (clone 44M13) antibodies developed
by Oncomed have anti-tumor properties.'’> Direct inhibition of
Wnt-1 receptor function by an antibody induced tumor apoptosis in
vitro.!1¢ Anti-patched antibodies, derived from peptide immuniza-
tions, inhibited tumor cell lines panc-1 and suit-2 through hedgehog
signaling disruption.'!”

Prostate stem cell antigen. Prostate Stem Cell Antigen (PSCA)
is a 123 residue, cysteine-rich GPl-anchored surface glycoprotein
related to the Thy-1 family which is expressed on most prostate
cancers-local disease and particularly metastatic prostate cancer!!®
as well as bladder and transitional cell tumors. PSCA overexpression
correlates with tumor stage, grade and progression to the androgen-
independent form which usually accompanies drug resistance.!!?
Despite its name, it has not been identified as a prostate CSC marker.
A murine monoclonal antibody 1G8 has been used to image pros-
tate cancer in murine models, showing high uptake (12-17% id/g
in 1-4 days).'?% A chimaeric form showed anti-tumor activity in a
LAPC xenograft model, an effect which was put down to binding
rather than Fc-mediated as a F(ab), also had an anti-tumor effect.
This antibody has now been humanized by grafting the CDRs onto
the trastuzumab Fv framework with retention of the 1 nM affinity.
The humanized antibody, Hu2B3, successfully targeted PC3 prostate
cancers using 124-1 micro-PET imaging. The humanized antibody
was more effective therapeutically than the murine form on cell lines
expressing low levels of PSCA.'?0 Also anti-PSCA antibody therapy
led to the retardation of established murine orthotopic tumors and
prevented distant metastases, prolonging survival in prostate cancer
suggesting it may have a role in inhibiting CSC-like functions.!?!

Tetraspanins (CD9). Tetraspanins (CD9) are a family of 4-span
transmembrane receptors involved in the regulation of fertiliza-
tion, adhesion, motility and invasion.'?? These act as molecular
facilitators/adaptors through protein-protein interactions with
members of the immunoglobulin superfamily, integrins and receptor
tyrosine kinases. They are expressed in epithelial, endothelial and
haematopoietic cells as well as some tumors, with expression being
closely related to metastasis. Arius are developing a monoclonal
antibody (AR40A746.2.3) which inhibits tumor growth in a variety
of cancers, particularly CD9'CD34*CD38" AML CSCs [The

American Association for Cancer Research conference, San Diego

mAbs 19



Antibody-targeting of cancer stem cells

(2008) Abstract 3993]. CD9 is interesting in the context of solid
tumors in that it associates with EGFR and co-regulates signaling,
likely through EGFR internalization.!??

L1CAM. L1CAM (CD171) is a neural cell adhesion molecule,
which regulates neural growth, survival, migration, axonal outgrowth
and neurite extension. It is also overexpressed in gliomas and other
cancers. LICAM is a negative prognostic factor in colon cancer and
its overexpression is suggested to protect cancer cells from apoptosis
during chemotherapy. LICAM is a possible target for antibody inter-
vention because siRNA studies have shown that its downregulation
in CD133"* glioma CSCs leads to these stem cells having a higher
rate of apoptosis, decreased neurosphere formation and decreased
tumor growth.!23

Interleukin-6. Interleukin-6 is a pleiotropic cytokine involved in
many processes from tumor growth proliferation to inflammation. 24
It is widely studied in prostate cancer but recent work in hepatocel-
lular cancer (HCC) has uncovered a new role. Recently, CSCs for
liver cancer were discovered!?® but it is thought that the very few
liver stem cells which exist may develop into HCC tumors due to
aberrant TGFB and IL-6 signaling. IL-6 may drive HCC growth
from a transformed liver SC which has defective TGFP signaling.'2¢
Inhibiting IL6 signaling, already an approach in clinical trials in
prostate cancer!?” could be used against HCC CSCs.

CD123. CD123 is the o-subunit of the IL-3 receptor found
in haematopoietic cells and overexpressed in leukaemic blasts and
leukaemic CSCs in AML and CML. Du et al.'?® constructed three
scFvs from anti-CD123 hybridomas and constructed Pseudomonas
exotoxin immuntotoxins, with a KDEL retention signal. One clone,
with a Kj of 3.5 nM was very potent with an ICy, of 40 ng/ml
towards several CD123-positive cells lines.

CD200. The immune response to CSCs is yet to be understood
but it is likely that CSCs have active mechanisms of immune-evasion
whether it is simply hiding within protected niches such as stroma
to the expression of immune-regulatory factors. A hallmark of cancer
is its ability to evade the immune system. In addition to the well-
established immuno-suppressive molecules such as programed cell
death-1 (PD-1), PD-1 ligand (PD-L1), TGF and CTLA-4, CD200
(Ox-2) is emerging as a candidate for CSC immunotherapy. CD200
is an immunoglobulin superfamily-related receptor playing multiple
roles in autoimmunity, inflammation and the adaptive immune

130

response.'?” It is expressed in many cancers!?® and is a prognostic

factor in some. Recently, some CSCs were found to co-express
CD200 with CD44 and CD133.13! Therefore, CD200 may be a
marker for a subpopulation of CSCs which have the ability to escape
the immune system, presumably by inducing a downregulation
of the Th-1 immune response (such as IL-2 and IFNYy expression)
promoting tumor growth.!32 Blocking antibodies restored IL-2 and
IFNY expression, rebalancing the immune response from a Th-2

response and promoting tumor rejection.!?3

Targeting the Stem Cell Niche

Normal adult stem cells depend on cell-intrinsic and cell-extrinsic
factors for homeostatic maintenance. There must be a careful balance
between self-renewal vs. potential to differentiate. A specialized
microenvironment consisting of cells, matrix proteins and growth
factors, known as a ‘niche’ is thought to physically restrain stem
cells and enable them to maintain their ‘stemness’ by providing the
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necessary factors.!>* Niches have been identified for many mamma-
lian stem cells and many molecules have been identified as being
important in niche control of cell fate (such as Notch, Whnt,
Hedgehog, BMPs and FGF). There are some major similarities
between SC niches and the tumor microenvironment providing
evidence for a CSC niche.!?> There is increasing evidence that
disruption of epithelial homeostasis where tumor cells acquire a
more ‘mesenchymal’ phenotype is required for metastasis.!3® This
epithelial-mesenchymal transition (EMT) requires Wnt and TGF
signaling!3® and may occur in CSC niches. Thus, there may even be
distinct CSC niches-a ‘primary’ CSC niche and a ‘metastatic’ CSC
niche!3> where CSCs undergo a transformation to a metastatic CSC
(Fig. 1), with changes in gene expression.?? The presence or architec-
ture of such a niche has not been physiologically identified, but its
conception has led to a number of approaches for CSC therapy.
Anti-angiogenic therapy. Vascular endothelial cells are critical
components of the neural stem cell niche.!3” This suggests that brain
CSCs rely on signaling within nearby tumor vasculature to main-
tain a stem-like state. Disruption of this by anti-angiogenic therapy
reduces ‘stemness’ and increases CSC sensitivity to chemotherapy.!38
The CSC model together with the ‘seed and soil’ hypothesis
includes a role for CSCs in tumor angiogenesis. Anti-angiogenic
drugs (antibodies and small molecules) are well-established forms
of therapy, even if the precise mechanisms of action are conten-
tious. Anti-vasculature therapies (direct ones such as anti-VEGF
antibodies-bevacizumab or indirect ones such as anti-EGFR anti-
bodies-cetuximab or small molecules like erlotonib) can work at
many different levels, from destroying vessels leading to nutrient and
oxygen starvation to normalizing vessel structure to reduce tumor
interstital pressure and enhance cytotoxic drug uptake.!3%140 CSCs
have been shown to express higher levels of VEGF in normoxic and
hypoxic conditions compared to non-stem cancer cells. This leads to
increased endothelial cell migration and tube formation which can
be blocked by the in vivo administration of bevacizumab.'4! Tumors-
derived from non-CSC were unaffected by this blocking antibody.
A similar approach was used by Calabrese using bevacizumab and
erlotinib'4? also identifying a brain CSC niche. Like normal stem
cells, CSCs depend on support from the vascular and stromal niche
for survival. Factors such as LIF and BDNF have been implicated in

normal stem cells maintenance!3%135

and could be important growth
factors for intervention in CSC maintenance.

Using a mouse-specific anti-VEGFR2 monoclonal antibody
administered i.p. at 100 mg/kg in combination with a low dose
(metronomic) chemotherapy, the CSC population (as measured by
sphere-forming units) was reduced.!?® Individual therapies alone
were unable to achieve this.

There are other significant angiogenic factors which could be
targeted, basic FGF for example. Integrin signaling, dealt with sepa-
rately below is critical in modulating the angiogenic process. We
have carried out some work on a novel anti-angiogenesis humanized
monoclonal antibody called huMC3 (Angiolix) directed against a
unique target, lactadherin.'%3 Lactadherin is expressed by tumor cells
and induces tumor proliferation, expansion and spread through the
formation of new blood vessels.!4* Tt was shown that this antibody
could selectively block and inhibit lactadherin leading to a significant
anti-cancer effect in vivo against preclinical models of human breast
cancer, an effect which was enhanced when given in combination
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with conventional chemotherapy used for breast cancer (Deonarain
et al., unpublished). More tumor-selective anti-angiogenic thera-
pies such as this could have a greater effect on the CSC niche than
the more general VEGF-directed anti-angiogenic therapies. Taken
together, these approaches make it clear that targeting the supporting
niche of CSCs could be a cancer therapy approach rather than direct
targeting of the cells themselves and also suggested a novel and addi-
tional mechanism for anti-angiogenic therapy.!?°

Integrins and chemokine receptors. The CXCR4 chemokine
(Cys-X-Cys motif) receptor is essential for the homing, retention
and maintenance of haematopoietic stem cells in stromal niches in
the bone marrow. Cells bearing this receptor respond to a gradient of
SDF-1 (stromal derived factor-1/CXCL12) constitutively secreted by
bone marrow stromal cells.!4>140 The link between CSCs and metas-
tasis is being studied intensively, particularly interactions with ECM/
stromal factors. Pancreatic CSCs could be separated into CD133%/
CXCR4* and CD133*/CXCR4" which were equally tumorigenic,
but antibody depletion experiments showed that the CXCR4* cells
were able to invade.?! This has therapeutic implications for the
antibody-mediated inhibition of CSCs metastasis.

Leukaemia cells also express CXCR4 which is thought to induce
homing of tumor cells to the favorable niche environment of the
bone marrow, normally restricted to stem/progenitor cells. This
environment provides factors needed to maintain stem-like features
and CSCs are believed to exploit this for their survival.'¥¢ Originally
studied for its role as a co-receptor for HIV infection, the CXCR4/
CXCL12 interaction is now thought to play a role in immune cell
trafficking. CXCR4/CXCL12 is also upregulated via HIF-1 in
hypoxic conditions, in order to recruit circulating progenitor cells to
sites of hypoxia for tissue repair. The overexpression of CXCR4 in
many leukaemias such as acute lymphoblastic leukaemia (ALL)!47
has led to the development of antagonists of CXCR4. There are
concerns about potential side effects about this approach given the
central role CXCR4/CXCL12 plays in haematopoiesis. CXCR4
knockout mice have defects in haematopoiesis, vascular and cardiac
development.'4® Inhibitors of CXCR4 may mobilize cancer or CSCs
making them more sensitive to cytotoxic therapy, but this may also
hurt normal HPCs. Combination with other targeted agents such
as anti-CD20 (rituximab) or anti-CD52 (alemtuzumab) antibodies
may counteract this. Thus mobilizing CSCs from their protected
environment could be a future therapeutic approach, with the anti-
CD44 therapy against AML being a good example of this.%*

Chemokine-induced locomotory function is also related to solid
tumor metastases. 48 Organ-specific metastatic spreading of tumor
cells is also mediated by the interactions between chemokines and
their appropriate receptors. This was elegantly shown by Miiller et al.,
for the CXCR4/CXCLI2 in breast cancer.'®” Tumor cell extravaza-
tion is thought to be the rate-limiting step in metastasis, a process
which is related to leukocyte/lymphocye and HSPC extravazation.
The ‘locking and docking hypothesis’ was proposed for the adhesion
of the tunmor cells to endothelial lining to allow tumor cell rolling
(facilitated by selectins). The following locking phase is mediated
by B1 and ov integrins allowing the locomotion of tumor cells
into the underlying tissue.!>® Adhesion molecules such as CD24,
CD34 and sialyl Lewis antigens interact with these selectins to facili-
tate extravazation. Anti-CXCR4 monoclonal antibodies have had
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anti-tumor effects in multiple myeloma tumors,'4? prostate cancer!>°

and colon cancers.!>3

Integrins are another diverse family of transmembrane receptors
involved in cell proliferation, differentiation, apoptosis, adhesion
and migration through outside-in and inside-out signaling. They
function as receptors for other adhesion molecules and components
of the extra-cellular matrix.!>* Integrin mutation and expression
is often associated with cancer invasion and metastasis which has
been studied extensively in breast and colorectal cancer.!>® The pres-
ence of appropriate ligands for integrins is thought to play a role in
organ-specific metastases.!>> The central role played by integrins
in the extravazation cascade suggests that anti-integrin strategies
could work as anti-metastatic, anti-angiogenic or anti-proliferation
therapies. 0vP3 and awvP5 integrins are potential targets from their
expression in various malignancies.'*1>> The anti-owB3 integrin
antibody LM609 (Vitaxin) has been shown to inhibit multiple

156 whereas an anti-B3 antibody inhibited prostate
157

tumor growths
cancer growth, bone metastases but also some bone degradation.
A phase I study showed that this antibody was well tolerated despite
concerns of its effect on osteoclast function and bone homeostasis.!>°
The close link between integrin and chemokine receptors in cancer
suggests that use of combination therapies would be beneficial,
particularly as the expression of one influences the other. Integrins
and chemokine receptors may act synergistically and inhibiting both
the chemotactic recruitment as well as the adhesion of circulating
tumor cells may work more effectively than either antagonist on its
own.

Cellular adhesion to the ECM is long known to affect radia-
tion sensitivity. Integrins, especially B1 is upregulated in response
to radiotherapy and is implicated in mediating resistance!®® and
correlates with poor survival in patients.!>® This radio-resistance is
mediated via integrin signaling via the PI3 kinase/Akt pathway.!®
Treatment of MCF-7 breast cancer cells with A11b2 anti-B1 anti-
body re-sensitized tumor cells to radiotherapy, making a 2 Gy dose
effectively an 8 Gy dose.!®® Another anti-B1 antibody was used to
prevent peritoneal tumor recurrences in surgery-induced adhesion of

colon cancer in a rat model.16!

Future Therapeutic Developments against (SCs

There has been a lot of progress in the development of small mole-
cule drug intervention of CSC pathways. Inhibiting Notch signaling
is good example with drugs like MK0752,'0% and y-secretase inhibi-
tors' 3
be disrupted with the drug cyclopamine® and the Wnt pathway with
molecules such as PKF118-310 and ZTM000990.'%4 Telomerase
inhibitors based on the RNA template region are in advanced clinical
trials.'® Cyclosporine modulation for drug transporter inhibition
has shown limited efficacy'® due to expression of these transporters
in normal HSC. Most of these drugs target the renewal pathways
and still require research before they can used in a truly CSC-specific
way. The potent NFxB inhibitor, parthenolide did show some differ-

entiation in cell killing between normal HSC and leukaemic CSC
167

showing anti-tumor effects. Hedgehog signaling in gliomas can

due to subtle signaling differences,'®’ as was shown when treating
leukaemic CSCs and normal haematopoietic stem cells by rapamycin
due to differing levels of Pten protein.168 But these are exceptional

examples. Treatment with these drugs has led to the reduction in
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CSC properties such as a reduction in ABC drug transporter levels,
an effect also seen with non-CSC tyrosine kinase inhibitor drugs such
as gefitinib, erlotinib, lapatinib, sorafenib and sunitinib.!® There are
many examples of antibodies against tumor antigens/factors used in
combination with chemotherapy. A description of these is beyond
the scope of this review but for examples see.l1%? In the context of
CSCs, using the more CSC-targeted drugs (above) in combination
with antibodies will be the initial way forward as already shown
above. Small molecules against CSC renewal pathways in combina-
tion with non-stem cancer antigens could be a powerful combination
with much lower toxicity. However, there is still the need to fully
characterize the CSCs in terms of cell surface markers.

Non-antibody therapeutic proteins targeting important cancer
stem cell pathways intracellularly and intranuclearly are already
in development. Using the antennapedia cell-penetrating domain,
already used successfully to eradicate tumor cells by restoring tumor-
suppressive functions (Kousparou et al., Antennapedia ‘trojan’
peptide delivers p21 protein resulting in tumor eradication: AACR,
2008, Abstract # 4908 ) we have shown that delivering the ‘master-
mind’ protein to tumors (TR4-Antennapedia-mastermind fusion
protein) caused a broad based inhibition of the Notch transcriptional
cascade and causes complete tumor regression in cancers with Notch
activation including xenografted metastatic breast cancer stem cell
lines in preclinical model without any significant side effects to
the animals. (Stylianou et al., “The Role of Cancer Stem Cells in
the Initiation and Propagation of Tumorigenesis, AACR Special
Conferences Series, 2008).

The use of combinations of antibodies to modulate two different
but related tumor signaling pathways is emerging as a successful
clinical approach.!7%17! One can see this approach being used to
target CSCs. Combination or cocktails of antibodies!”?
tumor targets and CSC targets could destroy the whole tumor and
the resilient CSC population, preventing relapses. Or, bispecific anti-
bodies recognising both CSC markers (which are also co-expressed

against bulk

on normal SCs) and tumor antigens could be used to increase the
specificity of CSC targeting. This approach was successfully used by
Adams et al. (unpublished, application of monoclonal antibodies in
clinical oncology conference, Rhodes, 2008) who made a bispecific
anti-HER2/HER2 single-chain Fv. This fusion protein was able to
bind more specifically to cell lines expressing both receptors than to
cell lines bearing the individual receptors. Dual targeting was also
achieved for EGFR/HER2.173

Tumor architecture and stem cell niches have been discussed above
but may pose additional hurdles to therapy. So-called metastasising
CSCs should be accessible to systemic therapies but dormant CSCs,
buried deep within poorly vascularized and hypoxic areas may be
hard to get to. Direct antibody therapies may be less appropriate,
but indirect or medium-distance acting therapies could find use
here. Although compelling data for radio-immunotherapy (RIT) has
accumulated over the years,'74 its clinical uptake has been slow. RIT
targeting CSCs, already shown for CD44,6970 is likely to rejuvenate
this area. Similar ideas could be put forward for diffusible cytotoxics
such as targeted photodynamic therapy!”> and ADEPT.'7® Another
approach to overcoming the heterogeneous uptake of antibody
therapeutics is to use smaller derivatives of antibodies engineered to
have a longer blood half-life. This could be achieved using technolo-
gies such as antibody PEGylation,!”” 178

polysialylation'/® and albumin

22 mAbs

binding.!”? The goal of anti-CSC therapy is to eliminate CSCs and
not necessarily reduce tumor bulk as this would gradually die out
as the ability to self-renew is diminished. Therefore new clinical
endpoints or biomarkers will be needed such as a measurement of
CSC reduction by imaging of circulating CSCs (using imaging ex
vivo or intravital imaging) '8 or increase in progression-free survival.

Conclusion

Although the CSC model is able to explain many of our obser-
vations concerning tumor development and therapy, there is still
considerable research to be done as not all cancers can be accounted
for this way, especially ones in murine models. Although clinically
observed, the full clinical relevance is yet to be established. Not
destroying normal stem cells is key to the success of anti-CSC
therapies. A refined understanding of the signaling pathways between
normal and CSCs is needed and the use of combination therapies
should afford a window where this is achievable, There are already
examples emerging, but dual antibody- or drug-antibody combina-
tions would see these increase.

There is increasing evidence illustrating the commonality of CSCs
in multiple tumor types. This suggests that diagnostic and thera-
peutic monoclonal antibodies and other proteins may be applicable
across several tumor types (Table 1). In addition, because pathways
of CSC self-renewal and survival appear to be preserved across
different tumor types, antibody therapies developed to target CSCs
may have a broad clinical application. It may thus be advantageous
to develop pathway-based rather than tumor type-based approaches
to CSC-based therapy (Table 1).

Clearly there is a great deal of interest and progress in research in
the area of cancer stem cells CSCs. The discovery of new and unique
markers on CSCs as well as CSC pathways will undoubtedly lead
to new diagnostic and therapeutic antibodies as well as other CSC
targeting biologicals. This is a fertile area for commercial drug devel-
opment. For example Raven Biologicals have developed a library of
cancer stem cells arising from many types of primary tumors and
have generated more than 1,300 monoclonal antibodies, including
many that target cancer stem cells and cancers. Oncomed has devel-
oped the ability to isolate and monitor tumor initiating cells using
specific surface markers and flow cytometry. This has allowed their
scientists to evaluate specific targets associated with biologic path-
ways implicated in both stem cell biology and cancer.

In summary, if the approaches and hypotheses presented in this
review article prove to be correct or at least partly so, then our under-
standing of the onset and progression of oncogenesis as well as our
possible therapeutic intervention would have been enriched and to,
some extent, altered from the previously held views and practice. At
the end of the day, further work and investigation in this area may
lead to more effective strategies for cancer prevention, diagnosis and
treatment. In view of the fact that therapeutic antibodies and other
proteins directed against CSCs are close to entering clinical trials, the
next decade of translational research and development in this area
will undoubtedly prove to be a most exciting period.
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