Mechanisms of Action of Low-Dose
Metronomic Chemotherapy

Ella Fremder and Yuval Shaked

Abstract

Evidence from a growing body of preclinical and clinical studies points to the
efficacy of continuously administrating anticancer chemotherapeutic drugs in
low doses. This relatively new treatment strategy concept is called low-dose met-
ronomic (LDM) chemotherapy. The therapeutic efficacy of LDM has been
assessed for reducing the tumor load during the acute phase and in delaying
relapse during the maintenance phase. The major benefits found in using LDM
include the lack of major toxicities or complications as compared to conventional
chemotherapy regimens and improved quality of life. Traditional therapeutic
modalities in oncology aim toward more specific tumor targets at the tumor
microenvironment, whereas LDM chemotherapy acts on a broad spectrum of
mechanisms, some of which are still not clear. We will discuss in this chapter
several possible LDM chemotherapy anticancer mechanisms of action. Initially,
LDM was considered an antiangiogenic treatment strategy; however, in the last
decade additional preclinical studies uncovered other possible mechanisms
including enhancing the antitumor immune response, substantially increasing
the efficacy of targeted drugs by various mechanisms, targeting a subset of
chemotherapy-resistant tumor cells, and blunting host response effects found fol-
lowing conventional therapy. While LDM chemotherapy is currently undergoing
phase III clinical evaluation, its mechanisms of action are only partially under-
stood. Elucidating LDM’s mechanisms of action will give physicians an addi-
tional major weapon to deploy in the comprehensive management of cancer.
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2.1 Introduction

Initial studies which investigated the mechanism of action of low-dose metronomic
(LDM) chemotherapy demonstrated that this treatment regimen solely acts by inhibit-
ing tumor angiogenesis. Both Browder et al. and Klement et al. — the first two back-
to-back studies introducing the concept of LDM chemotherapy — showed that
low-dose cyclophosphamide (CTX) or vinblastine led to significant antitumor activity
in Lewis lung carcinoma and neuroblastoma, respectively [1, 2]. Browder et al. also
showed that the same tumors that responded to LDM were resistant to the conven-
tional maximum tolerated dose (MTD) chemotherapy. Klement et al. demonstrated
that the addition of an antiangiogenic drug, DC101, a VEGFR2-blocking antibody, to
LDM vinblastine significantly and markedly improved LDM’s therapeutic outcome in
their neuroblastoma tumor model. While both studies suggested that LDM’s mecha-
nism of action is by blocking angiogenesis, this clearly does not explain why the addi-
tion of a VEGFR2-blocking antibody to LDM vinblastine significantly improved
therapy outcome, unless additional complementary mechanisms are involved [2].
These and other results were the impetus for additional preclinical and clinical stud-
ies. In this review, we will focus on several possible mechanisms to explain the anti-
tumor activities of LDM chemotherapy and their possible implications.

2.2 The Antiangiogenic Effects of Low-Dose
Metronomic Chemotherapy

Tumor angiogenesis consists of a local division of endothelial cells from preexisting
vessels, leading to neovasculature sprouting into the tumor. In addition, the sys-
temic mobilization of bone marrow-derived proangiogenic cells, in particular endo-
thelial progenitor cells (EPCs), incorporates into the tumor vessel wall, thus
enhancing angiogenesis [3]. In the last several decades, efforts have been made to
inhibit the formation of tumor blood vessels in order to halt tumor growth. Several
antiangiogenic drugs have been approved by the Food and Drug Administration for
the treatment of cancer. However, these therapies exhibit modest clinical benefits. In
this context, LDM chemotherapy has also been identified as an antiangiogenic treat-
ment strategy affecting various pathways of angiogenesis. LDM chemotherapy
directly kills endothelial cells, induces natural inhibitors of angiogenesis, and inhib-
its systemic angiogenesis mediated by circulating endothelial precursor cells
(CEPs). These various mechanisms of metronomic antiangiogenic effects are illus-
trated in Fig. 2.1 and are summarized below.

2.2.1 Low-Dose Metronomic Chemotherapy Directly Kills
Endothelial Cells

The prolonged in vitro administration of low concentrations of cytotoxic drugs to
rapidly dividing endothelial cells, such as human umbilical endothelial cells
(HUVECS), induces cell apoptosis when compared to tumor cells which are more
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Fig.2.1 An illustration of the antiangiogenic mechanisms of metronomic chemotherapy affecting
tumor growth. Metronomic chemotherapy inhibits both (/) local angiogenesis by directly killing
endothelial cells and (2) systemic angiogenesis by suppressing the levels of CEPs which then can-
not home to the treated tumor. In addition, (3) metronomic chemotherapy reduces the expression
of proangiogenic factors, e.g., VEGF-A and FGF2, and increases the expression of antiangiogenic
factors, e.g., thrombospondin-1 (7SP-1) and endostatin. The changes in these factors can inhibit
both (4) local and (5) systemic angiogeneses. (6) Tumor cells exposed to metronomic chemother-
apy can also increase the expression of antiangiogenic factors, and as such they may support the
antiangiogenic effect of this treatment regimen

resistant to such therapy [4]. This initial study has led to further testing various
chemotherapy drugs administered in low doses to assess their antiangiogenic prop-
erties on endothelial cell viability. In another study, human microvascular endothe-
lial cells (HMVECs) were exposed to L-OHP (an active metabolite of oxaliplatin),
5FU, and SN-38 (an active metabolite of irinotecan). The cells were cultured with
these drugs in low doses continuously for 144 h. The results revealed that SN-38 but
not SFU or L-OHP inhibited endothelial cell proliferation. The combination of the
three drugs, however, minimally affected colorectal cancer cell proliferation [5].
Taxanes and temozolomide (TMZ) have been also shown to act as antiangiogenic
agents in continuous low-dose exposure in cultures [6, 7]. Murray et al. demon-
strated that sorafenib, a small-molecule antiangiogenic drug blocking the tyrosine
kinase of VEGF receptors, enhances the anti-endothelial cell effect when it was
combined with continuous low doses of etoposide, paclitaxel, and TMZ in culture
[8]. Additionally, mouse brain endothelial cells and U87 human glioblastoma but
not C6 rat glioblastoma cells were shown to be sensitive to continuous low doses of
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TMZ [7]. When this drug regimen was assessed in vivo, the authors demonstrated
that LDM TMZ significantly reduced the antitumor activity in both C6 and U87
tumor-bearing mice, primarily due to its antiangiogenic activity as assessed by
microvessel density [7]. These results further suggest that even when tumor cells are
resistant to LDM TMZ in culture, they can be sensitive in the whole organism due
to the drug’s antiangiogenic effects.

The antiangiogenic activity of LDM chemotherapy has also been documented
in vivo in several preclinical models. LDM doxifluridine suppresses tumor growth
via its antiangiogenic activity, as assessed by an in vivo imaging technique. In this
study, the addition of TNP-470, an antiangiogenic agent, to the LDM doxifluridine
regimen resulted in a significant reduction of the growth of uterine carcinosarcoma
in bearing mice compared to mice treated with each of the drugs and to the drug
regimen alone [9]. This study also discusses additional results from various trials
demonstrating the additional or even synergistic antitumor effects of LDM chemo-
therapy when combined with antiangiogenic drugs. For example, LDM topotecan in
combination with pazopanib, a small-molecule inhibitor of angiogenesis, resulted
in a significant increase in antitumor activity, due in part to reduced tumor microves-
sel density. The antiangiogenic effects seen in this study were related to the inhibi-
tion of systemic angiogenesis rather than inhibiting local antiangiogenic activity in
treated tumors. However, no experiments were performed to test whether LDM
topotecan may directly kill endothelial cells in culture [10]. Taken together, the
aforementioned in vitro and in vivo preclinical studies suggest that continuous
exposure of chemotherapy in low doses in the absence or presence of direct antian-
giogenic agents markedly induces endothelial cell apoptosis in vitro and as a result
increases their antitumor efficacy in vivo. Thus, one of the mechanisms of LDM
chemotherapy is in inducing endothelial cell apoptosis, since in many cases these
cells are more sensitive to the drug regimen than the tumor cells.

2.2.2 Low-Dose Metronomic Chemotherapy Alters
the Expression of Angiogenesis-Related Factors

A balance between proangiogenic and antiangiogenic factors exists in tissues in
order to maintain angiogenic homeostasis. In tumors this balance is violated as
tumor cells secrete proangiogenic factors leading to increased endothelial cell
sprouting and tumor angiogenesis [11]. Several studies investigated the antiangio-
genic effects of LDM chemotherapy focusing on changes in the balance between
angiogenic stimuli and natural inhibitors of angiogenesis. LDM CTX upregulates
the expression of thrombostpondin-1 (TSP-1), a natural inhibitor of angiogenesis
[12], in the serum of Lewis lung carcinoma-bearing mice. While tumor-bearing
mice treated with LDM CTX express high levels of TSP-1 and subsequently exhibit
enhanced treatment outcome, mice lacking the expression of TSP-1 (TSP1—/—mice)
bearing Lewis lung carcinoma treated with the same therapy did not show any anti-
tumor activity of such therapy [13]. In support of this study, it was shown that TSP-1
expression is upregulated in tumor cells and perivascular cells following LDM
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CTX, indicating again the antiangiogenic effects of LDM CTX not related to direct
endothelial cell killing [14].

In contrast, a combination of LDM CTX with high-dose doxorubicin exhibited
a dramatic decrease in the expression of TSP-1 in the plasma of rats bearing pros-
tate tumors, suggesting that the antiangiogenic effects mediated by the upregula-
tion of endogenous inhibitors of angiogenesis can be negated when such treatment
is combined with a bolus administration of other chemotherapy drugs [15]. Apart
from TSP-1, other pro- and antiangiogenic factors are altered in response to LDM
chemotherapy. It was recently demonstrated that LDM etoposide alters the angio-
genic switch in tumors by inhibiting VEGF-A and FGF2 secreted from tumor cells
and by increasing plasma levels of endostatin, a natural endogenous angiogenesis
inhibitor [16]. Clinical studies showed decreased levels of angiogenic factors such
as VEGF and PDGF-BB in cancer patients treated with LDM capecitabine or LDM
CTX, methotrexate, and thalidomide [17, 18]. In addition, TSP-1 serum levels
were upregulated in cancer patients treated with LDM CTX. However, the elevated
levels of TSP-1 did not correlate with clinical benefits [19]. In patients with non-
small lung cancer, levels of VEGF, VEGFR1, and TSP-1 were tested in the serum
following either MTD or LDM cisplatinum and docetaxel chemotherapies. While
MTD combined therapy induced a significant change in VEGFR1 and TSP-1
serum levels, the impact of LDM chemotherapy (using weekly docetaxel and cis-
platinum regimen) did not alter these factors in the serum of treated patients.
Surprisingly, MTD chemotherapy induced a significant long-lasting increase in
TSP-1 levels and a decrease in VEGFRI levels as opposed to LDM chemotherapy.
The authors concluded that continued administration of LDM chemotherapy does
not necessarily act as an antiangiogenic chemotherapy regimen when compared to
MTD regimen [20].

2.2.3 Low-Dose Metronomic Chemotherapy Blocks
Systemic Angiogenesis

While the effect of local angiogenesis is well established in cancer, the contribution
of systemic angiogenesis (also called vasculogenesis) is greatly debated [21, 22].
Recent studies have shown that following acute therapy, systemic cells significantly
contribute to the regeneration of neo-angiogenesis in treated tumors, thereby pro-
moting tumor regrowth [23]. LDM chemotherapy was shown to substantially sup-
press the number of circulating bone marrow-derived proangiogenic cells (BMDCs)
such as CEPs. The initial study in this direction tested levels of CEPs in lymphoma-
bearing mice that underwent LDM or MTD CTX. While the MTD regimen induced
a substantial increase in the number of CEPs in the blood, the LDM regimen signifi-
cantly and continuously suppressed it. Once the LDM CTX therapy was terminated,
the number of CEPs subsequently rose in peripheral blood followed by tumor
regrowth [24]. These results further suggest that LDM CTX can suppress systemic
angiogenesis mediated by CEPs. Based on this study, antiangiogenic drugs or treat-
ment strategies thought to inhibit systemic angiogenesis have been further tested.
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Mice treated with antiangiogenic drugs or with LDM chemotherapy using CTX,
vinblastine, cisplatinum, or vinorelbine revealed that the maximal suppression in
CEP levels in mice undergoing such therapy correlated with the maximum antian-
giogenic activity [25, 26]. Therefore, the CEP suppression level could serve as a
biomarker for the optimal angiogenic activity of both antiangiogenic drugs and
LDM chemotherapy [25, 26]. More recent studies focused on CEP level measure-
ments in mice treated with drug combinations involving an LDM chemotherapy
regimen. For example, the administration of LDM taxanes such as docetaxel alone
or in combination with AEE788, a dual EGFR and VEGFR inhibitor, resulted in a
marked decrease in CEP levels in mice bearing ovarian cancers which led to a sig-
nificant reduction in tumor growth and prolonged survival [6]. In another study, oral
topotecan in LDM regimen in combination with pazopanib resulted in a marked
reduction in viable CEPs as well as circulating endothelial cells (CECs) and reduced
tumor microvessel density in several pediatric solid tumors [10]. Importantly, sup-
pressed levels of CEPs were also documented in a drug combination in which acute
therapy can sometimes induce rapid mobilization of CEPs. For example, studies
conducted on mice treated with vascular disrupting agents (VDAs) revealed a
marked and rapid elevation in CEP levels in the peripheral blood of treated mice
[27]. The same effects have also been demonstrated in cancer patients enrolled in a
phase I clinical study testing the anti-vascular agent AVE8062 [28]. Consequently,
Daenen et al. reasoned that the combination of LDM CTX with VDAs may block
the rapid mobilization of CEPs found following VDA therapy. They tested this by
using mice bearing metastatic breast carcinoma or melanoma xenografts which
were treated with OXi-4503, LDM CTX, or the combination of the two drugs. They
found that levels of CEPs which were rapidly elevated following VDA therapy were
significantly inhibited when such therapy was combined with LDM CTX. These
anti-vasculogenic effects resulted in less colonization of BMDCs at the treated
tumor, which is often seen following VDA therapy. The authors concluded that the
combination of VDA and LDM CTX resulted in prolonged tumor control, in part
due to the anti-vasculogenic activity of the metronomic chemotherapy [29].
Clinically, CEC and CEP levels were evaluated in cancer patients undergoing
LDM chemotherapy to assess their prognostic or predictive value following anti-
angiogenic therapy. Mancuso et al. analyzed the kinetics and viability of CECs in
advanced breast cancer patients treated with methotrexate, thalidomide, and LDM
CTX. They found that increased levels of apoptotic CECs correlated with therapy
outcome, suggesting that CECs may predict clinical response to metronomic/anti-
angiogenic therapy [30]. In another study, long-term interferon-a, thalidomide,
and celecoxib treatment combination was tested in patients with slow-growing
solid tumors. The levels of CEPs were analyzed during the course of the therapy,
and the results suggest that low baseline levels of CEPs predict subsequent clini-
cal benefits [31]. Another recent study strongly supports these findings.
Investigators demonstrated that high CEP levels in hepatocellular cancer patients
treated with sorafenib and LDM tegafur and uracil were associated with poor
survival [32]. CEC levels, on the other hand, were evaluated in breast cancer
patients treated with LDM CTX, capecitabine, and bevacizumab (an
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anti-VEGF-A neutralizing antibody). As opposed to CEPs, high baseline levels of
CEC:s predicted prolonged clinical benefits. It was suggested that active vascular
turnover in tumors may result in high baseline levels of CECs which then can
effectively be blocked by an antiangiogenic drug or treatment regimen [33].

Not all chemotherapy drugs administered in an LDM regimen may affect sys-
temic angiogenesis. A recent study by Francia et al. has demonstrated that oral
gemcitabine administered daily inhibits tumor growth and angiogenesis, but does
not significantly suppress the levels of CEPs. Therefore, this drug regimen has
antitumor and antiangiogenic activity without inhibiting the systemic angiogen-
esis as seen with other LDM chemotherapies [34]. Overall, these studies highlight
the impact that most chemotherapy drugs administered in an LDM chemother-
apy regimen have on BMDC levels, particularly on CEPs and CECs. However,
LDM’s effects on other BMDCs known to contribute to systemic angiogenesis,
e.g., hemangiocytes [35] and myeloid-derived suppressor cells [36], still need fur-
ther investigation.

2.3  Additional Antitumor Activity Mechanisms of Low-Dose
Metronomic Chemotherapy

In the last decade, new mechanisms of antitumor activity of LDM chemotherapy
besides those related to antiangiogenic activity have been proposed and investi-
gated. It has been shown that LDM chemotherapy can enhance the immune response
against tumor cells thereby promoting tumor growth control in an “immunotherapy-
like” strategy. This mechanism will extensively be covered in another chapter in this
book. Additionally, limited evidence exists regarding the potential of LDM chemo-
therapy in targeting cancer stem cells (CSCs), a subpopulation of tumor cells with
stem cell characteristics that are normally resistant to conventional therapy. Lastly,
LDM chemotherapy blocks host effects promoting tumor regrowth commonly
found following acute therapy [37]. Table 2.1 presents a summary of several pro-
posed mechanisms of action for the antitumor activity of LDM chemotherapy.
These proposed mechanisms are discussed in more detail below.

2.3.1 Low-Dose Metronomic Chemotherapy Enhances
the Antitumor Activity of Oncolytic Virotherapy

Oncolytic virotherapy is one of the recent novel investigated routes of cancer therapy
which has entered clinical testing. The efficacy of oncolytic virotherapy combines
the ability of the virus to directly destroy cancer cells on one hand and to increase
the immune system’s response against cancer cells on the other [38]. The current
oncolytic viruses are still under thorough investigation both preclinically and clini-
cally. Although they are considered nonpathogenic to humans, they were found to
selectively replicate in human cancer cells, thereby promoting cancer regression
[39]. One of the complications of oncolytic virotherapy is the immune system’s
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Table 2.1 Additional mechanisms of action for LDM chemotherapy
The effect of LDM The effect of MTD

Item chemotherapy chemotherapy Course of action

Cancer stem  LDM chemotherapy = CSCs are resistant to  Angiogenic factors and blood

cells in combination with  conventional vessels support CSCs
antiangiogenic chemotherapy and Some CSCs are proangiogenic
therapy might reduce radiotherapy and/or VEGF dependent
the number of CSCs

Host response  LDM chemotherapy =~ Tumor regrowth and LDM chemotherapy regimen, as

to therapy may blunt the host metastasis opposed to MTD regimen,
response effects seen acceleration are induces antiangiogenic effects in
following sometimes found part by suppressing the levels of
conventional therapy following MTD CEPs in peripheral blood. MTD

chemotherapy chemotherapy promotes BMDC

mobilization and tumor homing
by the upregulation of G-CSF

and SDF-1
Oncolytic Improved sensitivity ~ Tumor regrowth The combination of LDM
virotherapy of tumor cells to the  delay is observed chemotherapy with oncolytic
virotherapy by LDM  following MTD virotherapy increases the viral
chemotherapy chemotherapy in activity by suppressing several
combination with immune cell types normally
virotherapy acting against the virus

In addition to the antiangiogenic activity of LDM chemotherapy, some additional mechanisms of
action were proposed. However, they are still undergoing thorough investigation, and limited evi-
dence exists to support their course of action. LDM chemotherapy can (a) eliminate cancer stem
cells, (b) blunt host response effects to conventional therapy, and (c) synergize with oncolytic
virotherapy. Cancer stem cells (CSCs), granulocyte colony-stimulating factor (G-CSF), stromal-
derived factor 1 (SDF-1), and circulating endothelial precursor cells (CEPs)

reaction against the viral infection. Therefore, the use of LDM chemotherapy which
can suppress or deplete several immune cell types that normally act against the
injected virus is considered a therapeutic advantage when combined with onco-
Iytic virotherapy [40]. This treatment combination was found to be efficacious in
several preclinical tumor models, such as B16 melanoma [40], ovarian carcinoma
[41], glioblastoma [42], and pancreatic cancer [43] among others. In addition to the
impact of LDM chemotherapy on the immune system, other effects may exist. For
example, LDM paclitaxel in combination with an oncolytic virus in relapsed ovar-
ian cancer resulted in substantial treatment benefits. The reason was that paclitaxel
therapy promoted a morphological change in replicating tumor cells, which in turn
induced an immune response against the tumor cells leading to an induction of
the immune system against the tumor cells, especially those which were already
infected with the oncolytic virus [41]. Clinically, patients with advanced solid
tumors who progressed after conventional therapies were treated with a combina-
tion of LDM CTX and oncolytic adenovirus therapy. While the purpose of LDM
CTX was to eliminate the T-regulatory cell activity, the intra-tumoral injection of
the oncolytic virus increased cytotoxic T cells and induced Thl-type immunity in
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those patients, leading to a decrease in tumor burden. These results further sug-
gest that LDM chemotherapy promotes immunological effects which can enhance
the oncolytic virotherapy in several ways [44]. CTX in low doses is not the only
drug that can act synergistically with oncolytic virotherapy; LDM TMZ can also
enhance the antitumor activity of oncolytic virotherapy in patients with refractory
tumors. This treatment regimen inhibits regulatory T-cell activity, which in combi-
nation with oncolytic adenovirus therapy results in tumor responses in two thirds
of the patients. The authors suggest that LDM chemotherapy promotes tumor cell
autophagy and elicits antitumor immune responses which results in improved onco-
Iytic virus therapy efficacy [45]. It should be noted that oncolytic virotherapy has
been tested also with MTD chemotherapy and found to be superior in terms of treat-
ment efficacy compared to conventional MTD monotherapy [46]. In addition, tumor
regrowth observed following MTD chemotherapy can be significantly delayed with
treatment involving oncolytic virotherapy [47]. However, most of these studies are
still under thorough clinical evaluation in early phase studies, and the mechanisms
of action of these treatment combinations are not fully understood. Overall, the
combination of LDM chemotherapy with oncolytic virotherapy enhances the activ-
ity of the virus against the tumor cells by altering the immune system against the
virus and/or by improving the sensitivity of the tumor cells to the virotherapy.

2.3.2 Low-Dose Metronomic Chemotherapy Prevents Host
Effects Seen in Response to Acute Therapy

Rebound angiogenesis has often been seen following treatment with MTD chemo-
therapy, in part due to a rapid mobilization and tumor homing of systemic angio-
genic cells, e.g., CEPs to the treated tumor site, leading to tumor regrowth [3]. As
opposed to MTD, LDM chemotherapy induces its antiangiogenic effects in part by
suppressing the levels of CEPs in the blood [25]. Importantly, it has been suggested
that the changes in the levels of CEPs in response to acute therapy are not associated
with the tumor type or tumor stage but rather almost entirely related to the response
of the host which generates such effects, especially since some of the experiments
were performed on non-tumor-bearing mice [3, 27, 48].

We have recently shown that following MTD therapy, a rapid and significant
upregulation of host G-CSF and SDF-1 was observed in the plasma of treated mice
and cancer patients [3]. These factors are known to accelerate BMDC mobiliza-
tion and homing into tumors; therefore, they could explain the regrowth of tumors
following acute therapy [3, 49]. Additionally, the host effect in response to acute
therapy is not limited to boosting tumor angiogenesis, but it may also accelerate
metastasis spread [50]. These pro-tumorigenic and pro-metastatic effects found
following MTD chemotherapy were also reported after other therapies including
small-molecule antiangiogenic drugs [5S1] and VDAs [49]. There is some evidence
that LDM chemotherapy can negate these host proangiogenic and pro-tumorigenic
effects. The administration of LDM regimen following an acute dose of chemother-
apy markedly improved the treatment outcome of pancreatic, breast, and prostate
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cancers as well as erythroleukemia [52, 53]. Vives et al. recently demonstrated
that LDM CTX or gemcitabine administered following acute MTD therapy of the
same drug was superior in terms of antitumor activity associated with decreased
angiogenesis and reduced metastasis for the treatment of ovarian and pancreatic
adenocarcinoma models when compared to any of the treatments involving mono-
therapy regimen. In fact, peritoneal metastases were documented only in the control
and MTD treatment groups, but were absent in the group consisting of MTD and
LDM chemotherapy drug combination [54]. Hanahan and colleagues termed this
combined regimen as a “chemo-switch” in which MTD chemotherapy (either alone
or in combination with targeted agents) is followed by LDM maintenance therapy
[52]. In the clinic, the combination of MTD and LDM therapy was recently tested
in a multi-targeted chemo-switch regimen using sorafenib, gemcitabine, and LDM
capecitabine for the treatment of metastatic renal cell cancer. The authors reported
that the response rates of the combined therapy were greater than what was docu-
mented for gemcitabine and capecitabine or sorafenib monotherapy. These initial
findings suggest a synergistic activity of the chemo-switch concept that needs fur-
ther clinical evaluation [55].

Although LDM on its own leads to antiangiogenic effects, a remarkable syner-
gistic antitumor effect was observed when an LDM chemotherapy regimen was
combined with an antiangiogenic drug or with a VDA (for review see [56, 57]). As
mentioned above, the combination of a VDA with continuous administration of
LDM CTX resulted in decreased tumor regrowth compared with VDA monother-
apy, due in part to the inhibition of acute CEP mobilization found following VDA
monotherapy [29]. In addition, LDM topotecan administered in combination with
pazopanib [58] showed significant improvement in overall survival of mice bearing
metastatic ovarian cancer [59, 60]. The superior effects of the maintenance LDM
chemotherapy which was administered after acute therapy could be explained by
the fact that LDM regimen reduces the systemic involvement of BMDCs that are
rapidly mobilized following some acute therapies as demonstrated by Daenen et al.
[29]. In addition, LDM regimen reduces the expression levels of several circulating
proangiogenic factors induced in response to the targeted therapy [54, 59, 60].
Therefore, blocking the pro-tumorigenic activities generated by the host in response
to acute therapy explains the treatment superiority of combining a targeted therapy
with LDM chemotherapy, even when the same drug is used in both regimens.

2.3.3 Low-Dose Metronomic Chemotherapy May Disrupt
the Cancer Stem Cell’s Niche

A subpopulation of cells in the tumor mass has recently been characterized as tumor
“stem cells” since these cells can initiate tumor growth and metastasis. Such cells
are termed cancer stem cells (CSCs) or tumor-initiating cells (TICs) [61]. The prop-
erties of CSCs are quite similar to those of normal stem cells. CSCs have the ability
to initiate tumor growth, drive tumor cell proliferation, and differentiate into multi-
lineage cells and to contain a self-renewal capacity [61]. Recent studies showed that
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CSCs possess a strong DNA repair system, which distinguishes them from other
“more differentiated” tumor cells [62]. Like stem cells, CSCs resist many conven-
tional therapies including chemotherapy and radiation. As such, they are probably
the sole viable subpopulation of tumor cells left after therapy. Ongoing research into
new treatment modalities which can kill CSCs are currently being undertaken [63].
In terms of angiogenesis, a growing body of evidence suggests that CSCs require
angiogenic factors and blood vessels to maintain their characteristics. CSCs were
found to reside in close proximity to tumor vasculature [64, 65]. Disrupting the
VEGF-neuropilin axis was found to decrease the number of CSCs, suggesting that
CSCs are angiogenic or VEGF dependent [65, 66]. CSCs of C6 rat gliomas secrete
both VEGF and SDF-1 used to promote systemic and local angiogenesis thereby
contributing to tumor growth [67]. Therefore, antiangiogenic therapy, in particular
anti-VEGF therapy, was predicted to possibly eradicate CSCs. Indeed, in several
preclinical studies it was demonstrated that anti-VEGF therapy reduces the number
of CSCs in treated tumors thereby explaining the increased treatment efficacy of
chemotherapy in combination with antiangiogenic therapy [65, 66]. For other anti-
angiogenic treatment strategies, such as LDM chemotherapy, only limited literature
exists. Treatment of C6 rat glioma-bearing mice with LDM CTX alone or in com-
bination with an antiangiogenic drug (DC101) led to a reduced number of sphere-
forming tumor cells that are usually enriched with CSCs [23]. In a hepatocellular
carcinoma model, the combination of LDM CTX with an antiangiogenic drug led to
tumor dormancy as long as the LDM chemotherapy regimen was maintained.
However, once the mice were removed from the maintenance treatment protocol,
tumor regrowth was subsequently observed. Although the authors focused on tumor
dormancy, others suggested that dormant tumor cells could serve as CSCs since
they can initiate tumor growth [68]. Interestingly, in another study in which MTD
chemotherapy was followed by maintenance LDM therapy, the authors documented
that the combination of chemo-switch therapy resulted in a decreased number of
CSCs in both pancreatic and ovarian cancers using CD133, CD44, and CD24 as
markers, which are selectively expressed on CSCs of such tumor types [54]. Overall,
while limited evidence suggests that LDM chemotherapy may affect the viability
and number of CSCs, more research is required to elucidate the mechanism by
which LDM chemotherapy acts against CSCs.

24  Summary

Efforts to uncover the mechanisms of action of LDM chemotherapy are still ongo-
ing. Several mechanisms have been presented which can explain the antitumor
activity of this treatment modality. However, LDM’s mechanisms of action are only
partially understood, and we are far from comprehending the complete picture.
Some of the benefits of using LDM chemotherapy in the clinic are the following: the
usually low costs of such drugs, improved quality of life of treated patients, and the
lack of major toxicities and clinical complications [69]. As such, LDM chemother-
apy can be offered as an alternative treatment for conventional therapy. It can be
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given during the acute phase to reduce tumors and in times of remission as a
maintenance therapy to delay relapse and as a palliative treatment for advanced
incurable metastatic diseases [37, 56]. Recent clinical and preclinical studies dem-
onstrate (mostly empirically) that LDM chemotherapy substantially improves the
antitumor activity of other anticancer drugs such as antiangiogenic small-molecule
drugs [70]. While the combination of small-molecule drugs along with MTD che-
motherapy regimen usually resulted in major toxicities and complications, LDM
chemotherapy as a replacement has been shown preclinically to work well. It should
be noted that the results of several phase III clinical studies utilizing LDM chemo-
therapy regimen in combination with other targeted drugs will soon be announced.
This may lead to a paradigm shift in the way we treat cancer [37, 56]. Meanwhile,
the lack of a thorough understanding on how LDM chemotherapy acts against tumor
cells and the empirical nature of its evaluation in the clinic probably moderate the
enthusiasm among clinicians in extensively using this treatment modality for cancer
[37, 69]. Further experimentation toward elucidating LDM chemotherapy’s mecha-
nisms of action will pave the way for the intelligent use of this treatment regimen
benefiting cancer patients worldwide.
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