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Abstract

Low-dose metronomic (LDM) chemotherapy, the frequent and continuous use of
low doses of conventional chemotherapeutics, is an emerging alternative to con-
ventional chemotherapy. Several pediatric preclinical solid tumor models are
supporting the clinical development of this new therapeutic modality in pediat-
ric cancer. Maintenance low dose chemotherapy has proven its benefits in
increasing overall survival in several pediatric cancer. This chapter is review-
ing the current knowledge of pediatric metronomic chemotherapy and poten-
tial for future development as cytotoxic agents or in combination with targeted
therapy including its potential application in emerging countries.

11.1 Introduction

According to the WHO mortality report in 2008, cancer is the leading cause of
disease-related death among children 5—-14 years of age in high-income countries.
Although communicable diseases remain the most common cause of death in low-
and middle-income countries, because of high population density, 84 % of all chil-
dren affected with cancer live in those countries [1, 2].

Conventional therapies have been effective in decreasing overall mortality rate
from pediatric cancer; however, the prognosis remains poor for a subset of leukemias
and lymphomas and metastatic solid tumors such as Ewing sarcoma, rhabdomyosar-
coma, osteosarcoma, and neuroblastoma. Therefore, novel therapeutic approaches
for these tumors should be explored, particularly in the setting of minimal residual
disease that is associated with high risk of relapse and poor prognosis.
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11.2 Conventional Chemotherapy

Cytotoxic antiproliferative agents are the mainstay of conventional chemotherapy
regimens. In conventional chemotherapy, maximum tolerated dose (MTD) of cyto-
toxic drugs is used to kill the tumor cells. This approach has improved the cure and
survival rates for different types of pediatric cancer; however, short- and long-term
adverse effects of high doses of cytotoxic agents are of considerable importance, espe-
cially in young survivors of pediatric cancer. Acute adverse effects of conventional
chemotherapy are mainly due to nonspecific effect of the cytotoxic drugs on the pro-
liferating cells. Seventy percent of pediatric cancer survivors experience long-term
complications of conventional chemotherapy and almost 40 % of them suffer from
life-threatening or debilitating complications [3]. Eighty-seven percent of childhood
cancer survivors report multiple symptom classes that impair their health-related qual-
ity of life [4]. In addition, most solid tumors are composed of heterogeneous subpopu-
lations of cells with different cell kinetics, metastatic characteristics, and angiogenic
and invasive potential [5]. Therefore, their response to conventional chemotherapy
varies widely. Despite the advances in conventional therapeutic approaches, the over-
all survival rate of some of the pediatric solid tumors such as high-risk neuroblastoma
and metastatic sarcomas has not improved since a few decades ago.

11.3 Minimal Residual Disease

Minimal residual disease (MRD) is characterized by the presence of a small number
of cells unaffected by therapy. MRD is an independent prognostic factor of poor
response and a predictor of relapse in hematologic malignancies, neuroblastoma, and
rhabdomyosarcoma [6—8]. Conventional chemotherapeutic approaches fail to inhibit
a group of tumor cells that either escape therapy by hiding in sites characterized
by poor oxygenation or drug penetration or develop resistance to chemotherapeutic
drugs [9]. Therefore, relapsed tumors respond poorly to conventional chemotherapy.

It has been postulated that tumor-initiating cells (TICs), which are known to
generate the bulk of the tumor through their self-renewal and extensive proliferation
capacities might present as MRD [10-12]. TICs are resistant to chemotherapy and
can survive as MRD in the primary location or metastatic organs [13, 14]. Although
the concept of cancer stem cells was first explored in hematologic malignancies,
further studies led to the identification of TICs in solid tumors. Hsu et al. recently
reported a distinct subpopulation in neuroblastoma with stem cell-like phenotype
and high tumorigenic potential [15].

11.4 Maintenance Therapy

Maintenance therapy has been used in pediatric malignancies for many years. The
wide acceptance of the concept of maintenance therapy in pediatric malignancies is
reflected in the standard protocols of ALL, where maintenance regimen is continued
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for 2-3 years and consists of daily oral mercaptopurine, weekly methotrexate, vin-
cristine, and corticosteroids [3]. Maintenance therapy with 13-cis-retinoic acid after
myeloablative chemotherapy has improved the overall survival in neuroblastoma
[16]. The goal of maintenance therapy is to prevent relapse by inhibiting the pro-
gression of MRD. Since maintenance therapy is administered in long term and usu-
ally in heavily pretreated patients, it should be minimally toxic. It is also crucial to
avoid regimens, which have cross-resistance with previously administered drugs.
The efficacy of maintenance therapy in improving survival rate was confirmed by a
stage I'V pediatric soft-tissue sarcoma trial comparing the oral maintenance regimen
(consisting of trofosfamide + etoposide and trofosfamide + idarubicin) with high-
dose therapy (thiotepa + cyclophosphamide and melphalan + etoposide). Patients
who received maintenance therapy showed a survival rate of 57.8 % after 57.4 months
versus 24.4 % in high-dose group [17].

11.5 Angiogenesis

Dr. Folkman first described the theory of tumor angiogenesis in 1971. He proposed
that the size of the tumor is limited by its ability to develop new vasculature [18]. In
addition to tumor growth, angiogenesis is required for metastatic spread and pro-
gression of tumor cells, as blood is the most common media to deliver tumor cells
to other organs [19].

The mechanisms of tumor angiogenesis are varied. In sprouting angiogenesis,
endothelial cells from preexisting blood vessels proliferate and migrate into tumor
tissue to form the tumor vasculature. Intussusception refers to the process of the
division of preexisting capillary plexus, without actual mitosis of endothelial cells
[20]. In vasculogenesis endothelial progenitor cells are released from bone marrow
and recruited by tumor tissue to form the new blood vessels [21]. Stromal Cell-
Derived Factor-1 a and vascular endothelial growth factor (VEGF) are cytokines
that facilitate the mobilization of bone marrow progenitors.

Tumor hypoxia simulates the angiogenic mechanisms. High turnover of tumor
cells and abnormal architecture of tumor vasculature compromises oxygen and
nutrient delivery to cells located far from the capillaries [22]. Under the hypoxic
condition, stabilized HIF1-a forms a transcriptionally active complex (HIF1) with
HIF1-f in the nucleus. HIF1 is a transcription factor for number of genes, involved
in angiogenesis, cellular adaptation to hypoxia, and apoptosis [23]. VEGF is the
most specific and critical angiogenic factor that is induced by HIF1-a.

Angiogenesis plays an important role in majority of pediatric cancers such as
leukemia, CNS tumors, neuroblastoma, and pediatric sarcomas [24-28]. Inhibition
of angiogenesis is therefore an effective maintenance therapy to control the growth
of tumor or MRD.

Since the concept of tumor angiogenesis was suggested, several drugs with anti-
angiogenic properties were studied such as endogenous antiangiogenic molecules
(angiostatin, endostatin) and endothelial growth inhibitors (TNP-470, thalidomide),
VEGF tyrosine kinase inhibitors and receptors, MMP inhibitors, and inhibitors of
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vascular adhesion molecules [29]. Antiangiogenic agents are divided into two main
categories based on their mechanism of action. Direct antiangiogenic drugs exert
their effect directly on the endothelial cells, while indirect agents target growth fac-
tors or receptors involved in endothelial stimulation [30-35].

VEGF signaling pathway is the major pathway in tumor angiogenesis. Therefore,
inhibition of VEGF pathway is the focus of most of the antiangiogenic strategies.
Bevacizumab, a VEGF-neutralizing monoclonal antibody, was approved by FDA
for colorectal cancer in 2004 [36]. Although it has not been yet approved for pedi-
atric cancer, bevacizumab has been shown to delay tumor progression in an experi-
mental metastatic neuroblastoma mice model [37]. Later, FDA also approved
small-molecule receptor tyrosine kinase inhibitors (RTKIs) such as sunitinib,
sorafenib, pazopanib, and axitinib, which inhibit VEGFR autophosphorylation [36].
In studies conducted by Pediatric Preclinical Testing Program (PPTP), pazopanib
delayed the tumor growth and improved the survival in mice models of rhabdomyo-
sarcoma and Ewing sarcoma [38]. Kumar et al. showed the efficacy of LDM topo-
tecan + pazopanib in delaying tumor growth and enhancing the survival of
neuroblastoma-bearing mice [39, 40].

11.6 Low-Dose Metronomic Chemotherapy

Low-dose metronomic (LDM) chemotherapy refers to the chronic administration of
minimally toxic doses of cytotoxic agents without prolonged drug-free breaks. In
1991, Kerbel suggested that conventional chemotherapy drugs show antiangiogenic
effects at low doses [41]. Klement et al. proved the efficacy of LDM vinblastine in
neuroblastoma mouse model in 2000 [42]. Browder et al. could demonstrate the
effectiveness of LDM cyclophosphamide in the xenograft models of breast cancer
and Lewis lung carcinoma derived from cell lines, which were resistant to the same
drugs [43]. Neoangiogenesis is a target for low-dose metronomic chemotherapy.
Studies have shown that low doses of antiproliferative cytotoxic drugs inhibit tumor
progression by antiangiogenic mechanism [42, 43].

LDM chemotherapy as a new therapeutic strategy has been explored in pediatric
malignancy.

11.7 Preclinical Studies of LDM in Pediatric Tumor Models

Preclinical studies have provided valuable information about the efficacy and
adverse effects of LDM chemotherapy in pediatric tumor models. In 2000, Klement
et al. showed that in vitro low-dose vinblastine was more toxic to human umbilical
vein endothelial cells (HUVEC) than to neuroblastoma cells and in vivo it caused a
significant tumor growth delay and reduction in tumor perfusion [42]. In a study on
Wilms tumor, topotecan reduced the size of the tumor at doses as low as 0.36 mg/kg
with no observable adverse effects [44]. McCrudden et al. demonstrated growth
inhibition and antiangiogenic effects of metronomic topotecan (0.36 mg/kg IV,
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5 days/week for 6 weeks) in hepatoblastoma xenograft models [45]. The combina-
tion of conventional and metronomic scheduling of cytotoxic agents was shown to
reduce tumor volume in osteosarcoma-bearing rat models [46]. Preclinical studies
showed the effectiveness of extended low-dose topoisomerase I inhibitors against
melphalan- and vincristine-resistant pediatric solid tumor xenografts [47]. Following
the positive preclinical results, pharmacokinetically guided dosing schedule of
topotecan was used in clinical studies involving pediatric solid tumors [48-50].
Later, Kumar et al. showed the superior efficacy of a combination of metronomic
administration of topotecan and pazopanib over a single agent in either neuroblas-
toma, osteosarcoma, or rhabdomyosarcoma subcutaneous xenograft models. In
comparison to single agents, the combination demonstrated enhanced antitumor
activity and significantly increased the survival [39].

An international phase I clinical study of low-dose metronomic topotecan and
pazopanib is about to start recruiting pediatric patients with recurrent or refractory
solid tumors including CNS tumors (TOPAZ study).

Marimpietri et al. conducted in vitro and in vivo studies to investigate the antian-
giogenic effects of low-dose vinblastine and rapamycin on neuroblastoma. They
concluded that either agent alone could inhibit the growth of endothelial cells and
the combination showed a significant synergistic effect [51]. Phase I clinical trial of
the combination of weekly vinblastine and daily oral sirolimus (mammalian target
of rapamycin inhibitor) for pediatric recurrent or refractory solid tumors showed the
safety, clinical efficacy, and antiangiogenic properties of this combination [52]. This
study along with other studies combining drugs to maximize the antiangiogenic
effects signifies the importance of designing LDM regimens that could inhibit dif-
ferent mechanisms of angiogenesis.

11.8 Clinical Studies of LDM in Pediatric Malignancies

The number of clinical studies of LDM in pediatric malignancies is limited, but
promising results have been achieved. Almost all pediatric studies have been con-
ducted on metastatic or refractory tumors.

Some of the clinical trials have only used conventional cytotoxic agents with
metronomic scheduling in pediatric malignancies. Fousseyni et al. showed the effi-
cacy of a metronomic chemotherapeutic regimen consisting of vincristine, cyclo-
phosphamide, and methotrexate in 12 children with refractory cancer (six cases of
Wilms tumor, five cases of retinoblastoma, and one case of metastatic neuroblas-
toma). Disease stabilization was achieved in 7 patients (58 %) and 3 of them
remained stable for at least 6 months posttreatment [53]. In another study on stage
IV soft-tissue sarcoma, patients treated with low-dose metronomic cycles of trofos-
famide, idarubicin, and etoposide showed better overall survival rate (0.52+0.14)
compared to patients receiving high-dose chemotherapy (0.27+0.13) [17]. A phase
II trial with metronomic thalidomide-carboplatin-vincristine-fluvastatin in pediatric
brainstem tumors showed significant reduction in tumor volume after treatment.
Partial response was observed in 7 out of 9 patients [54].
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Table 11.1 Recent clinical trials of LDM chemotherapy in pediatric malignancies

Cytotoxic drug Disease

Trofosfamide/idarubicin/etoposide =~ Embryonal rhabdomyosarcoma (higher event-free
survival and lower relapse when high-dose
chemotherapy was followed by maintenance regimen)

[59]
Vincristine/cyclophosphamide/ Pediatric refractory cancers (well tolerated and
methotrexate associated with disease stabilization) [53]
Topotecan (0.8 mg/m?%day) for Recurrent pediatric brain tumor (ependymoma,
21 days, repeated every 28 days high- grade glioma, brainstem glioma, and primitive

neuroectodermal tumor). Regimen was safe in all
patients. Oral topotecan achieved remission in 2 out of
25 patients who are alive 7 and 9.5 years after therapy.
Both patients had disseminated medulloblastoma at
study entry [55]

Temozolomide Pediatric brainstem glioma (median duration was three
cycles of 6 weeks’ therapy (85 mg/m? daily); the first
cycle was given with induction radiotherapy); median
overall survival, 9.8 months; prolonged hematologic
toxicity was observed [60]

Temozolomide Recurrent pediatric brain tumors (of 28 patients, 2
complete response and 2 partial response), metronomic
scheduling was associated with higher cumulative drug
exposure and lower grade 3/4 toxicity compared with
conventional schedule [61]

Minturn et al. demonstrated the efficacy of oral metronomic topotecan in recur-
rent childhood brain tumors. Disease stabilization and partial response were
observed in 5 (20 %) and 2 (8 %) out of 25 patients, respectively [55].

Metronomic temozolomide has been used in combination with radiotherapy in
children (n=2) and adults (n=3) with recurrent medulloblastoma. Local control was
achieved in one of two pediatric patients who later developed relapse in another loca-
tion under treatment with Choi protocol. Local relapse occurred in the other pediatric
patient 10 months after reirradiation. The patient was reported to have stopped metro-
nomic temozolomide earlier than planned. None of the patients showed neurological
toxicity [56]. Sondhi et al. reported a case of complete remission of relapsed medul-
loblastoma with extensive osteosclerotic bony metastasis in a 14-year-old boy with
LDM chemotherapy consisting of etoposide, cyclophosphamide, and zoledronic acid
administered for 18 months. Complete response was maintained for >24 months (by
the time the paper was written) with good quality of life [57].

In addition to more common cancers, metronomic chemotherapy has been asso-
ciated with good results in less common pediatric malignancies. Chaudhary et al.
reported the complete remission of a malignant peripheral nerve sheath tumor
(MPNST) with metronomic chemotherapy. A combination of metronomic oral eto-
poside, cyclophosphamide, and prednisolone was administered successfully to a
10-year-old male with recurrent MPNST. Complete remission was sustained
20 months after the sessions of metronomic therapy [58]. Table 11.1 presents a sum-
mary of some of the recent LDM chemotherapy trials.
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11.9 Combining Cytotoxic and Antiangiogenic Agents
in LDM Chemotherapy

Tumor endothelial cells are susceptible to metronomic scheduling of conventional
cytotoxic agents; however, upregulation of VEGF by endothelial cells can negate
the antiangiogenic effects of LDM chemotherapy [62]. In addition to its growth fac-
tor effect, VEGF acts as a survival/antiapoptotic agent for endothelial cells through
different mechanisms such as upregulation of antiapoptotic protein survivin, Bcl-2,
and A1 in endothelial cells [63—-65].

The combination of low-dose cytotoxic drugs with antiangiogenic agents has
been studied in a few clinical trials in pediatric population with promising results.

A combination of temozolomide with celecoxib, 13-cis-retinoic acid, and etopo-
side in COMBAT (combined oral maintenance biodifferentiating and antiangio-
genic therapy) protocol has been studied in 22 heavily pretreated children with
relapsed solid tumors. Clinical response was observed in 9 of 14 children (64 %)
with progressive disease. Patients showed good tolerance and compliance for oral
medications. Side effects were minimal and responded well to dose modification or
local therapy [66]. COMBAT regimen (low-dose daily temozolomide, etoposide,
celecoxib, vitamin D, fenofibrate, and retinoic acid) was later used in another study
achieving a 2-year overall survival in 43.1 % of patients with advanced pediatric
malignancies [67].

Andre et al. conducted a pilot study to evaluate the feasibility of a metro-
nomic 4-drug regimen in pediatric patients with refractory or relapsing tumors.
The combination consisted of vinblastine, cyclophosphamide, methotrexate, and
daily celecoxib in cycles of 56 days. One objective response and 4 (25 %) dis-
ease stabilization were observed among 16 patients. Tolerability was acceptable.
Interestingly, they reported reduced pain in 11 patients shortly after initiation of
LDM chemotherapy [68].

Stempak et al. studied the combination of celecoxib and LDM vinblastine or
cyclophosphamide in refractory pediatric solid tumors. The combination was well
tolerated and 4 of 33 patients (13 %) experienced durable stable disease (28—
78 weeks) [69].

In a recent phase II trial, Robison et al. evaluated the efficacy of a multi-agent
metronomic therapeutic regimen consisting of celecoxib, thalidomide, and fenofi-
brate, with alternating 21-day cycles of low-dose cyclophosphamide and etoposide
in children with recurrent or progressive disease. Favorable outcome including par-
tial response and stable disease was reported for ependymoma and low-grade gli-
oma. High-grade glioma and bone tumors responded poorly to treatment. The
27-week overall survival rate was 60 %. Grade 4 neutropenia (32 %) was the most
common toxicity [70].

Peyrl et al. reported the therapeutic results of an antiangiogenic multidrug com-
bination regimen consisting of bevacizumab, thalidomide, celecoxib, fenofibrate,
etoposide, and cyclophosphamide and additional intraventricular therapy (etoposide
and liposomal cytarabine) in children with recurrent embryonal brain tumors. Three
complete and two partial responses were observed in five evaluable patients with
medulloblastoma. Disease progression was seen in all patients with CNS primitive
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Table 11.2 Recent clinical trials involving combination of LDM chemotherapy with antiangio-
genic drugs in pediatric malignancies

Drug Combination/disease Major observation

Cyclophosphamide  Celecoxib (non-Hodgkin’s lymphoma) 37 % response and 22 % SD
[74]

Vinblastine or Celecoxib (pediatric recurrent solid 13 of 33 patients had stable

cyclophosphamide tumors) [69] disease

Vinblastine Sirolimus (pediatric recurrent or Of 11 patients, 1 had partial
refractory solid tumors) [52] response and 3 stable disease

Cyclophosphamide  Zoledronic acid (recurrent/refractory Of 21 patients, 1 had partial
neuroblastoma) [73] response and 9 stable disease

Etoposide and Celecoxib (pediatric and adolescent 7 (41 %) of 17 patients had

cyclophosphamide refractory cancer) [75] stable disease

Therapy reduced antalgic
needs in 4 (24 %) patients

4-drug regimen Weekly vinblastine, daily 56-day (8-week) treatment
cyclophosphamide, twice-weekly was well tolerated and
methotrexate, and daily celecoxib achieved disease stabilization

In refractory and relapsed pediatric
tumors [68]

5-drug regimen Daily oral thalidomide and fenofibrate, =~ 27-week treatment duration
twice-daily oral celecoxib, and treatment was well tolerated
alternating 21-day cycles of low-dose Clinical benefit was seen in
oral etoposide and cyclophosphamide in ependymoma and low-grade
recurrent or progressive disease [70] glioma

neuroectodermal tumors (CNS PNET, n=4) and one out of seven patients with
medulloblastoma. Six-month overall survival was 100 % and 75.0+22 % for medul-
loblastoma and CNS PNET, respectively [71].

A Children’s Oncology Group (COG) phase II study (NCT00061893) demon-
strated the feasibility of combination of standard multi-agent chemotherapy with
low-dose vinblastine and celecoxib in 35 patients with metastatic Ewing sarcoma.
Patients did not show excessive neurologic complications, infections, mucositis,
and GI bleeding; however, the frequency and severity of pulmonary toxicity and
hemorrhagic cystitis in patients who received radiation were unexpectedly high.
The 24-month event-free survival of 71 % for patients with isolated pulmonary
metastasis was higher than historical controls [72].

The combination of metronomic chemotherapy with non-antiangiogenic agents
has been also studied. Russell et al. studied the efficacy of zoledronic acid with
metronomic cyclophosphamide in 20 patients with recurrent/refractory neuroblas-
toma. One partial response and 9 stable disease responses (maintained for
2—12 months) were observed. The combination was well tolerated [73].

Table 11.2 summarizes some of the recent clinical trials of LDM chemotherapy
with the combination of cytotoxic and antiangiogenic drugs.
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11.10 Advantages of LDM

Cytotoxic drugs in high doses affect both tumor cells and normal proliferating cells.
Therefore, most of the acute side effects of conventional chemotherapy are related
to its cytotoxic properties. Lower doses of cytotoxic drugs in LDM result in less
acute toxicity effects [76, 77]. Furthermore, the main target of LDM is endothelial
cells in contrast to conventional chemotherapy where killing tumor cells is the ulti-
mate goal. In a pioneering preclinical study conducted by Klement et al., it was
observed that the sensitivity of human umbilical vein endothelial cells (HUVEC) to
low-dose vinblastine was significantly higher than neuroblastoma cell lines [42].

Importantly, tumors resistant to high doses of a cytotoxic agent in conventional
chemotherapy might be still sensitive to LDM scheduling of the same drug [43].
Furthermore, LDM can enhance the chemosensitivity of endothelial cells contrary
to MTD (where cross-resistance between paclitaxel and vinblastine has been dem-
onstrated) [78].

Few studies focused on the feasibility of metronomic chemotherapy in low-
income countries. Inexpensive anticancer drugs can be used to design metronomic
chemotherapy cycles. Furthermore, less acute toxicities associated with lower doses
of cytotoxic agents in LDM chemotherapy are advantageous in areas with limited
medical resources. Disease stabilization achieved by a metronomic regimen consist-
ing of vincristine, cyclophosphamide, and methotrexate in children with different
types of refractory tumors in Mali confirmed the feasibility and cost-effectiveness
of this approach in low-income countries [53]. In “Metro-Mali-02” study, the same
combination plus valproic acid resulted in long-lasting partial response (2 years) in
two out of seven children, one with metastatic neuroblastoma and the other with
retinoblastoma [79].

In low-income countries where curative or novel experimental treatments are not
accessible for children with progressive cancer, low-cost maintenance therapy with
inexpensive cytotoxic drugs is a viable option.

11.11 Limitations of LDM
11.11.1 Biomarkers

Preclinical studies and clinical trials have increased our knowledge of LDM chemo-
therapy and its clinical applications. Contrary to conventional chemotherapy, LDM
affects tumor indirectly through antiangiogenesis. Therefore, biomarkers required
for monitoring the efficacy and progress of treatment with LDM is different from
conventional chemotherapy. Response Evaluation Criteria In Solid Tumors
(RECIST), which evaluates the efficacy of therapy by tumor burden, does not reflect
the response of tumors to antiangiogenic effects of LDM chemotherapy accurately
[80]. Hence, surrogate markers should be explored to monitor tumor’s response to
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cytostatic effects of LDM. Proangiogenic and antiangiogenic growth factors and
cytokines such as VEGF, basic fibroblast growth factor (bFGF), soluble vascular
cell adhesion protein 1 (sVCAM-1), endostatin, and thrombospondin-1 (TSP-1),
which were initially thought to correlate with the clinical benefits of LDM chemo-
therapy, failed to show consistent results in further studies [81]. In a pilot pharma-
cokinetic study of celecoxib and low-dose metronomic vinblastine or
cyclophosphamide for pediatric patients with recurrent solid tumors, Stempak et al.
showed that VEGF, bFGF, sVCAM-1, endostatin, and TSP-1 did not correlate with
disease progression or maintenance of stable disease [69]. In a phase I trial of beva-
cizumab in refractory pediatric solid tumors, it was shown that baseline VEGF,
TSP-1, bFGF, CEC, and CEP were not correlated with clinical benefit. However,
researchers observed increased levels of mature CECs with treatment [82]. In a
multicenter study of metronomic temozolomide combined with radiotherapy in
pediatric patients with brainstem glioma, the decreasing trend of VEGF and endog-
lin was observed during the first two cycles of therapy. The decreasing trend of
VEGF was associated with longer event-free survival [60]. In a phase I pharmaco-
kinetic and pharmacodynamic study of pazopanib, it was shown that therapy signifi-
cantly reduces plasma soluble VEGFR-2 and endoglin. A lower baseline plasma
level of VEGF and placental growth factor was associated with clinical benefit [83].

Clinical trials in adult malignancies suggested a correlation between increasing
levels of circulating endothelial cells (CECs) and disease progression [84]. The util-
ity of CEC as a biomarker to monitor the antiangiogenic effects of LDM regimens
was further explored in breast cancer, lymphoma, and GI stromal tumor with prom-
ising results [74, 85-87].

Higher levels of CEP have been detected in patients with pediatric malignancies
compared to healthy controls. Children with metastatic disease show higher levels
of CEP in comparison to localized disease [88].

In a preclinical study of aggressive pediatric solid tumors, it was demonstrated
that the combination of metronomic oral topotecan and pazopanib significantly
decreased viable CEC, viable CEP, and microvessel density [39]. In a clinical study
with metronomic cyclophosphamide and celecoxib in non-Hodgkin’s lymphoma
pediatric patients, CECs, CEPs, and VEGF remained low in responders after
8.4 months of follow-up [74]. Although CEC and CEP have shown promising
results in adult malignancies, future preclinical and clinical studies in pediatric
malignancies are required to address the utility of these cellular markers for moni-
toring tumor response to LDM therapy. Imaging is an alternative option to evaluate
the response of tumor to antiangiogenesis. It has been demonstrated that changes in
blood volume, blood flow, and vascular permeability correlate with the efficacy of
antiangiogenic treatment [89].

11.11.2 LDM Cycles: Rationale and Design

Different drugs and drug combinations have been used in the preclinical studies and
clinical trials of LDM in pediatric malignancies. The following criteria are used to
choose a drug as a potential candidate for LDM chemotherapy: (a) it should be
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nonoverlapping and minimally toxic, (b) it could be administered orally, (c) it
should have established antiangiogenic and/or immunostimulant effects, and (d) it
should have low probability of developing drug resistance [90].

Pediatric patients with high-grade or refractory solid tumors are considered to
benefit from LDM therapy. The type of tumor, its biological properties, and its clini-
cal setting should be carefully considered before choosing a drug or drug combina-
tion for clinical trials of LDM chemotherapy in pediatric population. The optimal
dose for the best therapeutic response is another challenge in developing LDM regi-
mens for clinical trials. Contrary to conventional chemotherapy where maximally
tolerated doses of drugs are chosen for the best clinical outcome, LDM therapy relies
on the cytostatic effects of low doses of chemotherapeutic or antiangiogenic agents.
Pharmacodynamic biomarkers are required to establish the optimal dose of antian-
giogenic agents for LDM regimens. It has been speculated that LDM chemotherapy
hinders mobilization of CEP from the bone marrow. Hence, CEP has been success-
fully used as a pharmacodynamic biomarker to provide information about optimum
biological dose of metronomic cyclophosphamide, vinblastine, vinorelbine, and cis-
platin in mice models of breast cancer, melanoma, and erythroleukemia [91].

In addition to drug and dose selection, defining clinical end points is an impor-
tant step in designing and monitoring LDM therapy. Event-free survival and
response rate that are commonly used in conventional chemotherapy have been
employed in LDM clinical trials. Disease stabilization and good quality of life are
other clinical benefits of LDM chemotherapy that could be incorporated into trials
as clinical end points.

The duration of LDM chemotherapy in pediatric patients is another important
question that should be answered. Sudden discontinuation versus gradual tapering
of LDM chemotherapy should be compared in well-designed and closely monitored
clinical trials.

Acute toxicity of LDM chemotherapy is lower than conventional chemotherapeutic
approaches [76, 77, 92]. However, chronic administration of cytotoxic agents and sub-
sequent accumulative doses might result in adverse events. Long-term side effects of
LDM chemotherapy is therefore a concern that should be addressed in future studies.

Resistance to LDM chemotherapy emerged despite the initial assumptions about
the genetic stability of tumor endothelial cells [62]. Resistance mechanisms are
evoked in response to tumor microenvironment changes caused by antiangiogenic
treatment. Upregulation of angiogenic factors [93, 94], involvement of bone
marrow-derived cells [95, 96], and pericyte coverage [97] are some of the known
mechanisms of resistance to LDM chemotherapy.

11.12 Future Direction

LDM chemotherapy is an alternative to conventional chemotherapy, which has
shown promising results in preclinical and clinical studies of pediatric malignan-
cies. However, more clinical trials are required to assess the efficacy and safety of
LDM in pediatric population. Appropriate clinical end points should be defined
with respect to antiangiogenic effects of LDM therapy. Studies should be conducted
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to validate biomarkers for evaluating the activity of treatment. Long-term side
effects of LDM are of great importance and should be addressed in future studies. It
should be emphasized that the goal of LDM is to be integrated into cancer mainte-
nance therapy to control MRD and provide a good quality of life for patients living
with cancer.
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