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Aggressive Myc-Driven B-Cell Lymphoma to Anti-PD-1 by an
Immunological Memory Effective against Tumor Re-Challenge
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Abstract: We have previously shown in triple-negative breast cancer (TNBC) models that a triple
therapy (TT) including intermittent cyclophosphamide (C), vinorelbine (V), and anti-PD-1 activates
antigen-presenting cells (APC) and generates stem like-T cells able to control local and metastatic
tumor progression. In the present manuscript, we report the generation of a highly aggressive,
anti-PD-1 resistant model of a high-grade, Myc-driven B-cell non-Hodgkin’s lymphoma (NHL) that
can be controlled in vivo by TT but not by other chemotherapeutic agents, including cytarabine
(AraC), platinum (P), and doxorubicin (D). The immunological memory elicited in tumor-bearing
mice by TT (but not by other treatments) can effectively control NHL re-challenge even at very high
inoculum doses. TT re-shaped the landscape of circulating innate NK cells and adaptive immune
cells, including B and T cells, and significantly reduced exhausted CD4+ and CD8+ TIM3+PD-1+ T
cells in the spleens of treated mice.

Keywords: lymphoma; cyclophosphamide; vinorelbine; metronomic chemotherapy; checkpoint
inhibitors

1. Introduction

Immune checkpoint inhibitors (ICI) such as anti-CTLA-4, anti-PD-1, and anti-PD-L1
monoclonal antibodies have been successfully introduced in the therapy of a variety of
cancer types [1]. However, at the present time, only a fraction of cancer patients benefit
from ICIs, and in the large majority of cases, the clinical benefit is limited in time [2].

Cancer genomic and microenvironmental complexity suggests that in almost all pa-
tients only a combinatorial therapeutic approach can be successful [3]. For this reason,
intense preclinical and clinical research is currently ongoing to define and validate in
patients the best synergic strategy for ICI incorporation in cancer therapy.

We have described that a “two-hit” triple therapy (TT) [4,5], involving antigen-
presenting cell (APC) activation by a vinca alkaloid such as vinorelbine (V) and the gen-
eration of new TCF1+ stem cell-like T cell (scT) clones by an intermittent dosage of the
alkylating agent cyclophosphamide (C140), can significantly improve the efficacy of anti-
PD-1 in two triple-negative breast cancer (TNBC) models otherwise poorly sensitive to ICIs.
The TT effect was dependent upon C dosage and schedule, and due to T cells, as it was
abrogated by the in vivo depletion of CD3+CD4+ and/or CD3+CD8+ cells [4–6].

To confirm that this approach can also be effective in different types of cancer and
to investigate whether TT may generate an immunological anti-cancer memory, in the
present study we describe a model of a very aggressive neoplasia resistant to anti-PD-1,
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i.e., a disseminated, orthotopic, Myc-driven B-cell lymphoma, and compared TT with
other therapies currently used in the clinic for this disease. TT, but not other therapies,
sensitized lymphoma cells to anti-PD-1, controlled lymphoma progression, and generated
an immunological memory that in the large majority of mice avoided lymphoma generation
even when lymphoma cells were re-injected in numbers significantly higher than in the
previous inoculum.

2. Materials and Methods

2.1. Cell Lines

The LY27805 cell line was kindly provided by Bruno Amati’s group [7] at the European
Institute of Oncology–Italian Foundation for Cancer Research (FIRC) Institute of Molecular
Oncology (IEO–IFOM, Milan, Italy) campus, expanded and stored according to their
instructions. Specifically, LY27805 cells were plated at 2 × 105 cells/mL in B cell medium:
50:50 mixture of DMEM and IMDM (Euroclone, Pero (MI), Italy), 10% FBS (Euroclone, Pero
(MI), Italy), 2 mM L-glutamine (Euroclone, Pero (MI), Italy), 1% penicillin/streptomycin
(Euroclone, Pero (MI), Italy), 50 μM β-mercaptoethanol (Euroclone, Pero (MI), Italy), and
non-essential amino acid (NEEA) (Euroclone, Pero (MI), Italy). Phoenix-Ampho cells
were cultured with DMEM (Euclone, Pero (MI), Italy), 10%FBS (Euclone, Pero (MI), Italy),
2 mM L-glutamine (Euclone, Pero (MI), Italy), 1% penicillin/streptomycin (Euclone, Pero
(MI), Italy).

Cells were tested and authenticated by the StemElite ID System (Promega, Madison,
WI, USA). Cells were tested every six months for Mycoplasma by means of the ATCC
Universal Mycoplasma Detection Kit 30-1012, cultured for no more than two weeks, and
used for no longer than 15 passages.

2.2. Cell Line Infection

The LY27805 cell line was thoroughly transduced with retroviral vectors expressing
stably luciferase under the control of a promoter: pRetro MI-Luciferase-IRES-mCherry
(Addagene plasmid #75020). Phoenix-Ampho cells were co-transfected with 10 μg of
retroviral vector, 6 μg of pKAT2 vector (helping retroviral particle-producing vector) using
the Calcium Phosphate transfection system. After 16 h, media was removed and replaced
with 5 mL of fresh medium to increase viral load.

Viral supernatant was then collected at 24 and 48 h and added directly to the LY27805
cell lines plated. In detail, viral supernatant was collected with a 0.22 μm sterile syringe
filter and added directly to 2 × 105 LY27805 cells supplemented with 8 μg/mL of polybrene
(Sigma-Aldrich Merck, St. Louis, MO, USA). Spin Infection was performed for 1 h at 37 ◦C
twice at 1800 rpm in a day for two separate days. Infection efficiency was then assessed
using a fluorescence microscope (EVOS cells imaging system, Promega, Madison, WI, USA).
Infected cells were then sorted using FACS Jazz (BD Bioscience, Franklin Lakes, NJ, USA).

2.3. In Vivo Experiments

Experiments involving animals were approved by the Italian Ministry of Health and
have been performed in accordance with the applicable Italian laws (D.L. vo 26/14 and
following amendments), the Institutional Animal Care and Use Committee, the institutional
guidelines at the European Institute of Oncology, and the ARRIVE guidelines. In vivo
studies were carried out in 8-week-old immune-competent C57BL/6J female mice (Envigo)
in the animal facility at the IEO-IFOM campus.

To generate a syngeneic model of Non-Hodgkin lymphoma, 5 × 104 to 2.5 × 105

LY27805-RFP+Luc+ cells were injected intravenously (IV) in the tail vein of C57BL/6J
mice. Tumor growth was monitored weekly using the In Vivo Imaging System (IVIS;
PerkinElmer, Whaltam, MA, USA). Briefly, mice were intraperitoneally (IP) injected with
150 mg/kg of XenoLight D-Luciferin–K+ Salt Bioluminescent Substrate (PerkinElmer
Whaltam, MA, USA). After 10 min, animals were anaesthetized with isofluorane apparatus
and images acquired using Living Image Software (PerkinElmer Whaltam, MA, USA).
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Radiant efficiency was calculated on the basis of the epifluorescence signal, as indicated
in the user manual. Treatment started about 7–10 days from tumor injection, when a
bioluminescence signal was detectable in each individual mouse. Mice were observed daily
throughout the treatment period for signs of morbidity/mortality.

2.4. In Vivo Therapy

C57BL/6J tumor-bearing mice (n = 5 per study arm) were treated with different drugs
used as single agents or in combination. Drug dosages used in this study are the standard
chemotherapeutic drugs for Non-Hodgkin lymphoma and doses were based on the lit-
erature data associated with no or acceptable toxicity, as well as no significant changes
in mouse weight. Blood was collected at different time points from the tail vein, and
circulating immune cells were determined by multiparametric, 10-colour flow cytome-
try. Cyclophosphamide was used at 140 mg/kg (C140) as already shown in Refs. [4,8,9].
Vinorelbine (V) was used at 9 mg/Kg as we have previously shown in Refs. [4,9]; Doxoru-
bicin (D) was used at 2.9 mg/kg [4,10], Cisplatin (P) was used at 0.25 mg/kg [4,10], and
Cytarabine (ara-C) was used at 15 mg/kg [11]. Chemotherapeutic drugs were dissolved
in PBS and IP administrated once a week, every 6 days for 3 weeks. Mouse monoclonal
anti-PD-1 targeting antibody was purchased from Bioxcell (Lebanon, NH, USA) (clone
RMP1-14) and was administered IP 0.2 mg/mouse every 2 days for a total of 5 doses [4].
The therapeutic scheme is presented in Supplementary Figure S1.

2.5. Flow Cytometry

At least 100,000 cells per sample were acquired using a 3-laser, 10-color flow cytometer
(Navios-Ex; Beckman Coulter, Brea, CA, USA) for T-cell receptor analysis or using a
13-color FACS Celesta (BD Bioscience) for immune cell population analyses. The antibodies
list and gating strategies are summarized in the Supplementary Table S1. Lymphocytes
and myeloid cells were characterized using state-of-the-art markers. Specifically, cells
were gated for size, singlets, and then by positive and negative markers: CD3+CD4+ and
CD3+CD8+ T cells, CD3-CD335+ NKs, CD19+ B cells, Gr1−CD11b+CD11c+ monocytes,
SSChighCD11b+Gr1+ granulocytes, CD11c+CD11b−Gr1− antigen-presenting cells (APC),
SSClowCD11b+Gr1+ myeloid-derived suppressor cells (MDSC), and T cells were further
analyzed to investigate the exhaustion status (Tim3+PD-1+).

2.6. T Cell Receptor Clonality

T-cell receptor (TCR) clonality was analyzed in the spleen using the FITC Hamster
Anti-Mouse Beta TCR Kit (BD Biosciences, clone H57-597), following the manufacturer’s
protocol. Briefly, the spleen was mechanically dissociated and 2 × 105 cells were stained
with an antibody cocktail mix containing: 7AAD (Beckman Coulter, Brea, CA, USA), CD45
PE-Cy7 (BD Biosciences, clone 30-F11), CD3 APC (BD Biosciences, clone 145-2C11), CD4
PE (BD Biosciences, clone GK1.5), CD8 APC-Cy7 (BD Biosciences, clone 53-6.7), and a
specific region of VDJ beta chain rearrangement. Viable cells (7-AAD−) were gated for
CD45/CD3/CD4 and CD45/CD3/CD8 positivity, and among them, we evaluated for
each β chain rearrangement the percentage of positivity. Fold increase was determined by
dividing the percentage of positive cells revealed in each experimental condition versus
the untreated control. Finally, not engrafted mice were normalized to the engrafted ones.

2.7. Statistical Analysis

Data were expressed as means ± sem (in case of normal distribution). Normal dis-
tribution was assessed using the Shapiro Wilk’s normality test. To compare two sample
groups, either the Student’s t-test or the Mann-Whitney U-test was used based on normal or
not normal distribution. To test differences in survival, the Mantel-Cox test was performed.
Statistical analysis was carried out with Prism 9.3.1. (GraphPad).
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3. Results

3.1. TT Sensitizes an Aggressive Myc-Driven B-Cell Lymphoma to Anti-PD-1 and Prevents
Lymphoma Growth In Vivo

In our previous work [4,5], we demonstrated that TT, including C140, V, and anti-PD-1,
eradicates tumor growth in two murine models of TNBC. We investigated whether the
same TT combinatorial therapy can also be effective against a highly aggressive murine
lymphoma model. To achieve this aim, we took advantage of a previous Myc-driven B-cell
non-Hodgkin’s lymphoma cell line characterized by Bruno Amati’s laboratory [7].

These cells were retrovirally infected with pRetro MI-Luciferase-IRES-mCherry (Adda-
gene plasmid #75020) plasmids carrying both an RFP gene (for in vitro selection) and a
Luc gene (for in vivo tracking), herein called Ly27085-Luc. To characterize the latency
and the penetrance of this lymphoma, mice were IV inoculated with three scalar concen-
trations of Ly27085-Luc cells (5 × 104, 1 × 105, and 2 × 105) (Figure 1A). As shown, all
mice died of lymphoma shortly after tumor inoculation (on average 20 days). Paradoxi-
cally, the higher number of cells did not correlate with higher aggressiveness, and with
shorter latency. Moreover, taking advantage from the RFP selective marker, we assessed
that very low percentages of lymphoma cells within the spleen were sufficient to kill the
animal (Figure 1B). Taken together, these results indicate that Ly27805-Luc is an aggressive
MYC-driven lymphoma model with very short latency (20 days on average) and high
penetrance (100%).

Figure 1. Ly27085-Luc is a lymphoma model with high penetrance and low latency. (A) Kaplan-Meier
survival analysis of mice injected intravenously with 5 × 104 (red line), 1 × 105 (blue line), and 2 × 105

(green line) Ly27805-Luc cells. The Mantel-Cox test was performed to assess statistical differences
in survival between the three groups (n = 5 per experimental condition). (B) Representative flow
cytometry plots showing percentage of RFP+ cells within the spleen of a control mouse. Cells were
gated according to physical parameters.

To assess the efficacy of our TT approach [4,5], we injected C57BL/6J mice with 1 × 105

Ly27805-Luc cells and treated them with several chemotherapeutic agents used in the clinic
for B-cell lymphoma therapy, the anti-PD-1 ICI, and chemotherapeutic agents combined
to ICI. We measured tumor growth by bioluminescence signals as shown in Figure 2A,B.
In vivo studies indicated that intermittent (i.e., every 6 days, in a metronomic fashion) C140
was more effective than any other combinatorial regimens including ICI plus AraC, D, or
P at their regular preclinical dosages. Both C140 alone and TT initially abrogated tumor
growth, in line with our previous studies on TNBC [4,9]. Therefore, after interrupting
the treatments, we prolonged the experimental observational time to more than 80 days
and we found that the TT association with V and anti-PD-1 significantly increased the
preclinical efficacy of C140 (p < 0.01). In addition, TT dramatically improved the overall
survival rate compared with other combinatorial therapies (Figure 2C). All the C140-treated
mice succumbed around 30–40 days after tumor injection, whereas the TT-treated mice
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were alive and without any signs of lymphoma (p < 0.0001) up to day 80, at the end of the
observational study. At the end of the experiment, the animals were sacrificed, and the
RFP signal was evaluated in the spleen, as shown in Figure 2D. In accordance with the
luciferase signal, RFP-positive cells dramatically dropped after TT.

Figure 2. Ly27085-Luc lymphoma growth control by TT vs. other therapies. (A) In vivo live imaging
of Ly27805-Luc tumors of mice treated with different experimental conditions. On the left is shown
the luminescence/radiance bar. Red indicates a higher luminescence signal while blue is the lowest
one. Mice were injected with 1 × 105 Ly27805-Luc cells and monitored by IVIS. Images were
taken 13 days after tumor injection. Mice in the red square did not show any difference, thus the
mice were monitored for a longer period. On the right is shown the image 41 days after tumor
injection. (B) Ly27085-Luc tumor growth curve of mice treated with chemotherapeutic agents, ICI,
or chemotherapeutic agents combined with ICI. The dashed blue square represents the treatment
period (from day 7 until day 28 post lymphoma injection). The Shapiro–Wilk test was performed
to define normal distribution, and a 2-tail T Student’s test was applied. Statistical analysis was
done for each condition compared with C140+V+anti-PD-1 (n = 5 per experimental condition).
(C) Kaplan-Meier survival analysis of Ly27085-Luc-injected mice treated with chemotherapeutic
agents, ICI, or chemotherapeutic agents combined with ICI. The Mantel-Cox test was performed to
assess statistical differences in survival between the three groups (n = 5 per experimental condition).
(D) Representative flow cytometry plots showing the percentage of RFP+ cells within the spleen
of a control (left panel), C140- (middle) and C140+V+anti-PD-1-treated mouse. Cells were gated
according to physical parameters.

3.2. TT Reshapes the Intratumoral Immune Cell Landscape and Targets Terminally Exhausted
T Cells

We and others have previously demonstrated that anti-PD-1 favors the selection of
progenitor-exhausted T cells, with crucial effects over tumor growth [4–6]. Progenitor-
exhausted T cells are defined to be Tcf1+ [12], whereas terminally exhausted T cells, which
have poor anticancer function, are defined as PD-1+Tim3+ [13].

To determine whether anti-PD-1 might also have a similar function within our lym-
phoma model, we analyzed by flow cytometry the immune cell populations in the spleen
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of control, C140, and TT-treated mice. Animals (n = 5 per study arm) were inoculated IV
with 1 × 105 Ly27085-Luc cells and treated with C140 alone, TT (C140+V+anti-PD-1), or
without any treatment. Control and C140-treated mice were sacrificed when moribund,
TT-treated mice after 80 days, and the T cell composition within the spleen was analyzed
(Figure 3).

Figure 3. TT reshapes tumor infiltrating lymphocytes and reduces exhausted CD3+CD4+ and
CD3+CD8+ T cells. (A) Percentage of CD3+CD4+ and CD3+CD8+ cells in the spleen of control
(black), C140- (blue), and C140+V+anti-PD-1-treated mice (red). The Shapiro–Wilk test was per-
formed to assess normal distribution, and thus 2-tails Student’s t test’ was applied. (* p < 0.05,
** p < 0.01, *** p < 0.001) (n = 5 per experimental condition). (B) Representative flow cytometry
plots showing the percentage of exhausted CD3+CD8+ cells (defined as CD3+CD8+PD-1+TIM3+,
on the left) and of exhausted CD3+CD4+ cells (defined as CD3+CD4+PD-1+TIM3+, on the right)
within the spleen of a control (upper panel), C140- (middle), and C140+V+anti-PD-1-treated mouse
(bottom panel). Cells were gated according to physical parameters. (C) Quantification of exhausted
CD3+CD8+ cells (defined as CD3+CD8+PD-1+TIM3+) and of exhausted CD3+CD4+ cells (defined as
CD3+CD4+PD-1+TIM3+) within the spleen of control, C140-treated, and C140+V+anti-PD-1-treated
mice. The Shapiro–Wilk test was performed to define normal distribution, and thus 2-tails Student’s
t test’ was applied (* p < 0.05, ** p < 0.01, *** p < 0.001) (n = 5 per experimental condition).

As shown in Figure 3A, we observed that C140 alone and TT increase the percentage
of CD3+CD4+ and CD3+CD8+ cells in the spleen. This increase is larger when one compares
controls versus TT-treated mice (40% of CD3+CD4+ in the control versus 60% in the TT,
p < 0.001 and 10% of CD3+CD8+ in the control versus 20% in the TT, p < 0.01). A statistically
significant increase (p < 0.05) was observed also for CD3+CD4+ T cells between C140 and
TT-treated mice.

We then analyzed terminally exhausted T cells, defined as CD3+CD4+/CD8+ PD-
1+TIM3+ T cells. Surprisingly, we observed that terminally exhausted T cells were abundant
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in the control and decreased in the treated samples. This decrease was more profound in TT-
treated mice. Specifically, we confirmed that TT was associated with a significant decrease
in exhausted CD3+CD8+ T cells compared to controls (p < 0.001) and C140-treated mice
(p < 0.01). A similar trend was also observed for exhausted CD3+CD4+ T cells (Figure 3B,C).

In line with results observed in TNBC models [4–6], these results in the lymphoma
model suggest that TT reshapes the T cell landscape and selects for anti-tumor effective
T cells.

3.3. TT Orchestrates the Activation of T Cell Antitumor Memory in Mice

As we previously demonstrated that T cells are the most likely mediators of the
anti-tumor TT effect, we asked whether an immune cell memory was generated in TT-
treated mice. To answer this question, we performed a tumor re-challenge experiment,
as illustrated in Figure 4A. Briefly, mice were injected with 1 × 105 Ly27805-Luc cells
and the presence of lymphoma cells was assessed by IVIS analyses 10 days after tumor
injection (Figure 4B, top panel). Mice were then randomized into two experimental groups,
treated with C140 or TT. When C140 and TT were administered to lymphoma-bearing mice,
tumors were completely eradicated after the first infusion (Figure 4B, middle panel). When
we re-challenged TT- and C140-cured mice with a 2.5-fold higher number of lymphoma
cells on day 9 after the end of the treatment (day 40 after tumor injection), all control
(i.e., untreated) mice (5/5) developed signs of lymphoma about 10 days post tumor re-
challenge. Three out of five C140-treated mice presented signals in the limbs with a growth
kinetic similar to controls. Remarkably, only one out of five TT-treated mice presented
lymphoma signs (Figure 4B, bottom panel, Figure 4 C,D). At the end of the study, all control
mice, 3/5 C140-treated, and only 1/5 triple-treated mice died of lymphoma (p < 0.01)
(Figure 4E).

Figure 4. TT generates an anti-tumor immune memory. (A) Schematic representation of the tumor
re-challenge experiment. Briefly, 10 C57BL/6J mice were injected IV with 1 × 105 Ly27085-Luc cells;
on day 10 post lymphoma injection, once systemic engraftment was confirmed, mice were randomized

7



J. Clin. Med. 2023, 12, 2535

to receive different treatments (n = 5 per experimental condition) up to day 31; on day 40 post
tumor injection, TT- and C140-treated mice were re-challenged with 2.5 × 105 Ly27085-Luc cells
(i.e., a 2.5-fold higher inoculum of lymphoma cells); in parallel, 5 C57BL/6J mice were injected
with 2.5 × 105 Ly27085-Luc cells as control. ). Graphic representation present was carried out with
the Biorender software (https://app.biorender.com, accessed on 18 January 2023). (B) In vivo live
imaging of Ly27805-Luc tumors in TT- and C140-treated and control mice. On the right is shown
the luminescence/radiance bar. Red indicates a higher luminescence signal while blue is the lowest
one. Images were taken before (upper panel), at the end of the treatment (middle panel), and after
2.5 × 105 Ly27805-Luc lymphoma re-challenge (bottom panel). (C) Ly27085-Luc tumor growth of
single re-challenged mice (black line control, blue line C140-cured and red line TT cured mice (n = 5
per experimental condition). The dashed blue square represents the treatment period (from day 10
until day 31 post lymphoma injection). The dashed green square represents Ly27805-Luc re-challenge
on day 40 post-tumor injection. (D) Bar graph showing the number of lymphoma-engrafted mice (in
black) over the number of not engrafted mice (in gray). (E) Kaplan-Meier analysis of re-challenged
Ly27085-Luc mice. The Mantel-Cox test was performed to assess statistical differences in survival
between the three groups (n = 5 per experimental condition).

These results suggest that TT efficiently generated some memory immune responses
persisting after lymphoma eradication.

3.4. The Immune Cell Landscape in the Peripheral Blood Is Altered after Lymphoma Re-Challenge

As we have evidence that TT activates an immunological memory, we asked which
types of immune cell subsets were altered during therapy and after the re-challenge with
tumor cells. To this purpose, we analyzed by flow cytometry, at different time points, the
percentages of circulating immune populations in the peripheral blood of untreated, TT-
and C140-treated mice (Figure 5).

 

Figure 5. TT reshapes the immune cell landscape in the peripheral blood (PB). (A) Flow cytometry
analysis in Ly27085-Luc bearing mice treated with C140 and TT at two different time points (two and
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three weeks after tumor injection). In the graph, major lymphoid (on the left panel) and myeloid cell
subpopulations (on the right panel) are shown. Lymphoid comprises B cells (CD19+), CD3+CD4+

and CD3+CD8+ T cells, NK cells (CD335+), and activated CD8+T cells (CD3+CD8+CD69+CD25+).
Myeloid cells include granulocytes (CD11b+Gr1+), APCs (CD11b−Gr1−D11c+), monocytes
(CD11b+Gr1−CD11c+), myeloid-derived suppressor cells (MDSC) (CD11b+Gr1+), and PD-L1+APC
(PD-L1+CD11b−Gr1−D11c+). The Shapiro-Wilk Test was applied to define normal distribution.
A 2-tails Student’s t test’ was applied. Statistic is referred to each condition compared to un-
treated and not injected C57/BL6 mice (in grey in the graph). (* p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001). (B) Flow cytometry analysis in Ly27085-Luc re-challenged mice at two differ-
ent time points (4 and 11 days after tumor re-challenge). In the graph major lymphoid (on the
left panel) and myeloid cell subpopulations (on the right panel) are shown. Lymphoid com-
prises B cells (CD19+), CD3+CD4+ and CD3+CD8+ T cells, NK cells (CD335+), and activated
CD8+T cells (CD3+CD8+CD69+CD25+). Myeloid cells include granulocytes (CD11b+Gr1+), APCs
(CD11b−Gr1−D11c+), monocytes (CD11b+Gr1−CD11c+), myeloid-derived suppressor cells (MDSC)
(CD11b+Gr1+), and PD-L1+APC (PD-L1+CD11b−Gr1−D11c+). The Shapiro-Wilk Test was applied to
define normal distribution. A 2-tails Student’s t test’ was applied. Statistic is referred to each condi-
tion compared to untreated Ly27805-Luc injected C57/BL6 mice (in black in the graph). (* p < 0.05,
** p < 0.01). (C) Flow cytometry analysis in Ly27085-Luc re-challenged mice at two different time
points (4 and 11 days after tumor re-challenge) for APC cells (defined as CD11b−Gr1−D11c+). The
Shapiro-Wilk Test was applied to define normal distribution. A 2-tails Student’s t test’ was applied.
Statistic is referred to each condition compared to untreated Ly27805-Luc injected C57/BL6 mice (in
black in the graph). (* p < 0.05).

We first focused on the changes at two different time points (2 and 3 weeks) within
the myeloid and lymphoid cell compartments after C140 or TT treatments (Figure 5A). As
a control, we investigated five un-injected, untreated mice. We then focused on the same
populations 4 and 11 days after the lymphoma re-challenge (Figure 5B,C).

B cells decreased after the treatments and increased after lymphoma re-challenge
(p < 0.0001). This is consistent with our previous observations in TNBC and lymphoma
models [4,9]. NK cells had a different kinetic, they initially increased during the TT (2 weeks)
but were reduced in number after tumor re-challenge. We also analyzed the percentage
of active T cells, defined as CD25+CD69+CD8+cells. Albeit not statistically significant, we
observed an increase of active T cells after lymphoma re-challenge. These data deserve
further molecular and phenotypic investigations, as they suggest an activation of T cells
upon re-encounter with the antigens present on tumor cells.

Regarding the myeloid compartment, we did not observe any significant alterations in
the peripheral blood for antigen-presenting cells (APC), monocytes, and myeloid-derived
suppressor cells (MDSC). PD-L1+ APC significantly increased during the V-containing
regimen (p < 0.01), while APC increased as previously described (Figure 5C) [4].

We observed that granulocyte numbers had a significant increase after treatment and
after lymphoma re-challenge. We have observed a similar kinetic in another model of
murine lymphoma [9], and these data deserve further investigation.

3.5. TT Decreases Terminally Exhausted T Cells upon Tumor Re-Challenge and Induces Specific
T-Cell Clonal Selection

As already shown in Figures 1B and 2D, lymphoma cells localize in the spleen. As we
have not observed significant differences among adaptive immune cells in the peripheral
blood of treated animals after tumor re-challenge, we focused our attention on splenic
immune cell populations.

We analyzed by flow cytometry the percentage of exhausted CD3+CD4+ and CD3+CD8+

T cells along with PD-1+TIM3+ subpopulations in the spleen of lymphoma-engrafted
and not engrafted mice. Exhausted T cells dramatically increased in the CD3+CD4+ and
CD3+CD8+ subpopulations in lymphoma-bearing animals. At variance, in mice where
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lymphoma did not grow, we observed very few exhausted T cells (PD-1+TIM3+CD4+ were
<2% and PD-1+TIM3+CD8+ were <1% of all gated cells). These data suggest a reduction
of the suppressive immune response, in favor of an anti-tumoral activity. This evidence
suggests that in the spleen, after lymphoma re-challenge, there is a selection for anti-tumor
T cells (Figure 6A,B).

 

Figure 6. TT in tumor re-challenged mice selects for proliferative and oligoclonal T cells.
(A) Representative flow cytometry plots showing the percentage of exhausted CD3+CD8+ cells
(defined as CD3+CD8+PD-1+TIM3+, on the left) and of exhausted CD3+CD4+ cells (defined as
CD3+CD4+PD-1+TIM3+, on the right) from the spleen of a control (upper panel), C140-engrafted
(middle on the left), C140-not-engrafted (middle on the right), C140+V+anti-PD-1-engrafted (bot-
tom on the left) C140+V+anti-PD-1-not engrafted (bottom on the right) mouse. Cells were gated
according to physical parameters. (B) Quantification of exhausted CD3+CD8+ cells (defined as
CD3+CD8+PD-1+TIM3+) and of exhausted CD3+CD4+ cells (defined as CD3+CD4+PD-1+TIM3+)
from the spleen of a control (black), C140-engrafted (dashed blue), C140-not-engrafted (blue), and
C140+V+anti-PD-1-engrafted (dashed red) and C140+V+anti-PD-1-not engrafted (red graph) mice.
Two C140-treated mice did not engraft the lymphoma, one TT-treated mouse had lymphoma.
(C) CD3+CD8+ TCR clonality in the spleen of lymphoma re-challenged mice. On the x-axis,
15 common Vβ chain recombinations are present, whereas on the y-axis the fold change increase is
compared with engrafted mice (represented as dashed lines in the graph).

We then performed a T cell receptor (TCR) clonal analysis on CD3+CD8+ T cells
collected from the spleen. We investigated, by flow cytometry, 15 common rearrangements
of the TCR. In the case of a specific rearrangement, one evident peak is generated. As shown
in Figure 6C, after tumor re-challenge we detected two specific peaks in mice resistant to
lymphoma—corresponding to variants vβ8.3 and vβ11—when normalized over engrafted
mice. These data indicate a switch towards oligoclonality in T cells.
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Taken together, these data suggest that, in the tumor-infiltrated spleen, T cells might
have a crucial role in the anti-tumor immunological memory elicitation, by inducing a shift
towards more proliferative and anti-tumor T cells, and to an oligoclonal selection of T cells.

4. Discussion

ICI’s clinical impact on cancer therapy has been so far very relevant: in the past
10 years, eight immune checkpoint blockers against CTLA-4, PD-1, or PD-L1 have been
approved for clinical use in more than 85 oncology indications [1,2]. However, at the
present time, only a fraction of cancer patients benefit from ICI as a single therapy, and
there is increasing evidence that, to improve ICI’s clinical efficacy, a combinatorial therapy
is needed. The TT approach we have recently described in two TNBC models [4–6] includes
drugs already in use in the oncology clinic for different indications and involves (a) APC
activation by the vinca alkaloid vinorelbine and (b) the generation of new ScT clones by
intermittent cyclophosphamide (i.e., every 6 days, in a metronomic fashion) [8] to overcome
TNBC resistance to the anti-PD-1 ICI.

The kinetics of immune cell subsets during TT vs. other therapies have been described
in Ref. [4]. Significant differences in the innate (myeloid and lymphoid) and adaptive
subsets observed during these therapies might explain—at least in part—resistance to
therapies other than TT and will be investigated in future studies.

V effects over APC activation have been previously described by us [9] and by the
Takashima lab [14]. In the latter study, in a panel of 54 anti-cancer drugs, vinca alkaloids
were ranked as the most prominent inducer of APC maturation; they increased CD40,
CD80, CD86, and MHC II expression, triggered IL-1β, IL-6, and IL-12 p40 production, and
augmented the capacity to activate T cells. The major hypothesis, still to be confirmed in
mechanistic studies, is that partial and temporal disruption of intracellular microtubule
networks by vinca alkaloids may be sensed by APCs as intrinsic danger signals.

The role of different dosages of the alkylating agent cyclophosphamide in improving
ICI activity [15] and in generating an inflammatory neoplastic microenvironment that may
foster CD3+CD4+ T-cell activity and an IFN/TNFalpha gene signature have also been
recently described [16].

The present study shows that TT is also preclinically active in another type of otherwise
ICI-resistant neoplastic disease, a high-grade, Myc-driven B-cell lymphoma. It should be
noted that, in randomized clinical trials, TNBC patients seem to benefit from the association
of ICIs with several chemotherapeutics including cyclophosphamide [17], whereas so far
high-grade B-cell non-Hodgkin’s lymphoma patients have not been reported to receive a
significant clinical benefit from ICIs, alone or in combinatorial therapies, apart from the case
of mediastinal large-B cell lymphoma where the anti-PD-1 antibody is clinically active [18].
Thus, our data might be used to design future clinical trials in the non-Hodgkin’s lymphoma
field. Notably, metronomic chemotherapy based on V and C has significant activity in
patients with aggressive B-cell lymphomas, as long-lasting remissions were observed [19].
The tumoricidal activity of this combination may add to its immune-mediated effect, and
this double effect may lay the groundwork for clinical translation.

In this context, Yu and colleagues [20] have recently suggested in single-cell studies
that coinhibitory signals from the immune checkpoint molecules TIGIT and TIM-3 may
drive T cell exhaustion in this disease. As clinically effective antibodies against TIGIT and
TIM-3 are currently tested in trials, these ICI might deserve investigation in this neoplastic
disease along with TT.

Another finding from the data reported here might be of interest for future clinical
applications: we have found in the TNBC preclinical studies that TT efficacy was abro-
gated when CD3+CD4+ and/or CD3+CD8+ T cells were crippled in vivo by neutralizing
monoclonal antibodies. Along a similar line, Zhang and colleagues [21] have recently
identified subpopulations of CD3+CD4+CXCL13+ and CD3+CD8+CXCL13+ T cells that
predict effective responses to ICI. In the present lymphoma model, we enlarge these obser-
vations with the finding that TT (and, to a significantly lesser extent, C140 alone) generate
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a preclinically active immunological memory against lymphoma re-challenge at doses
2.5 higher than the first lymphoma inoculum. We are now planning studies in TNBC and
lymphoma models to pinpoint what immune cell subpopulation(s) is/are involved and
crucial for this immunological memory. When phenotypically defined and purified, these
cells might be transplanted for possible cellular therapies of TNBC, lymphoma, or other
types of neoplastic diseases.

A possible caveat of the present study is related to differences in the immune systems
of rodents and humans. We are now planning TT clinical trials that will be instrumental to
confirm TT mechanisms of action in humans.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12072535/s1. Table S1: Antibodies and gating strategies used
in the study. Cell type is indicated in the first column, the phenotype in the second, fluorophores in
the third, the clone and the distributors of the antibody in the fourth and fifth respectively. Figure S1:
Therapeutic scheme used in this study.
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Abstract: Background: Relapses in pediatric high-risk brain tumors remain unmet medical needs.
Over the last 15 years, metronomic chemotherapy has gradually emerged as an alternative ther-
apeutic approach. Patients and Methods: This is a national retrospective study of patients with
relapsing pediatric brain tumors treated according to the MEMMAT or MEMMAT-like regimen
from 2010 to 2022. Treatment consisted of daily oral thalidomide, fenofibrate, and celecoxib, and
alternating 21-day cycles of metronomic etoposide and cyclophosphamide associated with beva-
cizumab and intraventricular chemotherapy. Results: Forty-one patients were included. The most
frequent malignancies were medulloblastoma (22) and ATRT (8). Overall, the best responses were CR
in eight patients (20%), PR in three patients (7%), and SD in three patients (7%), for a clinical benefit
rate of 34%. The median overall survival was 26 months (IC95% = 12.4–42.7), and median EFS was
9.7 months (IC95% = 6.0–18.6). The most frequent grade 3

4 toxicities were hematological. Dose had
to be adjusted in 27% of the cases. There was no statistical difference in outcome between full or
modified MEMMAT. The best setting seems to be when MEMMAT is used as a maintenance and at
first relapse. Conclusions: The metronomic MEMMAT combination can lead to sustained control of
relapsed high-risk pediatric brain tumors.

Keywords: pediatric oncology; brain tumors; metronomic chemotherapy; pharmacology;
medulloblastoma; ATRT; angiogenesis; immunotherapy

1. Introduction

Central nervous system (CNS) cancers are the most frequent group of solid tumors
in children and represent almost 3000 patients per year in Europe [1–4]. Initial treatments
usually include primary surgery, radiation therapy, and chemotherapy [1,2,5,6]. Targeted
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molecules are gaining growing interest in some specific situations such as BRAF pathway-
altered glioma [7,8] or NTRK-altered brain tumors [9,10]. Nevertheless, overall survival
remains poor in some tumors, and this is even more critical for relapsed or resistant malig-
nancies such as high-grade gliomas or medulloblastoma. Consequently, new therapeutic
strategies are needed. One such potential therapeutic approach is metronomic chemother-
apy (MC). MC relies on the frequent administration of a low dose of chemotherapy without
long breaks [11,12]. It is frequently combined with drug repurposing to generate metro-
nomics. Its mechanism of action is complex and based on multi-target effects. Indeed,
MC was initially reported to be anti-angiogenic, but its pro-immune anti-tumoral effect
are being increasingly described [13–15]. Additionally, direct effects on anti-cancer and
anti-cancer stems cells seem to contribute to the activity of MC [16].

In children, several reports have indicated the potential of various metronomic com-
binations to control relapsing/refractory tumors [11,17–20], and its interest during main-
tenance is well-known in leukemia and growing in solid tumors such as rhabdomyosar-
coma [21]. Of note, the use of MC also seems to be a promising and well-suited strategy for
low- and middle-income countries [19,22,23].

Among many metronomic regimens, the four-drug regimen initially reported by
Kieran et al. in a phase 2 trial showed a good safety profile as well as sustained tumor
control, especially in ependymoma [17]. This combination was then completed with the
addition of fenofibrate, which did not seem to significantly improve its efficacy, as reported
in a larger phase 2 trial [24]. The combination was then further enriched by the addition
of intra-ventricular (IVe) chemotherapy (etoposide and aracytine) and bevacizumab to
generate the so-called MEMMAT combination for metronomic multitarget anti-angiogenic
therapy [25,26]. Intra-ventricular chemotherapy was introduced to target meningeal disease
that does not seem to be angiogenic-dependent. Bevacizumab was added to further
strengthen the anti-angiogenic effect of the combination, as previously reported in the
initial metronomic preclinical publications [27]. The initial pilot study reported promising
results especially in medulloblastoma [26]. An international state-of-the-art phase II study
is ongoing (NCT01356290).

In France, several centers have started treating pediatric patients with refractory/relapsing
brain tumors according to the MEMMAT regimen outside of the trial. Interestingly, physi-
cians also sometimes used lighter versions of this protocol, for instance, by not using
intra-ventricular chemotherapy, bevacizumab, or thalidomide. We report here the retro-
spective experience of the French Society for Children with Cancer (SFCE).

2. Materials and Methods

2.1. Patients and Data Collection

In this retrospective study, data from patients younger than 19 years treated in pediatric
oncology units of the SCFE from 2010 to 2022 who received the MEMMAT combination
were collected. All 41 patients had relapsed or refractory CNS brain tumors. A full
medical history was obtained from the electronic medical chart including neurological
examination; performance status evaluation; and routine laboratory tests including blood
chemistry, urine analysis, CSF analysis, and MRI scans. MRI scans were repeated at least
every 2–3 months during treatment and during follow-up until progression.

2.2. The MEMMAT Regimen

Treatment consisted of a continuous oral regimen including the following:

- Daily oral thalidomide (3 mg/kg/d);
- Daily oral fenofibrate (90 mg/m2/d);
- Twice daily oral celecoxib (100 to 400 mg 2x/d);
- Alternating 21-day cycles of low-dose oral etoposide (50 mg/m2/d) and cyclophos-

phamide (2.5 mg/kg/d) [24].
- Intra-venous Bevacizumab (10 mg/kg) every two weeks;
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- IVe therapy consisting of alternating etoposide (0.25 mg to 0.5 mg/d) for five con-
secutive days [28], alternating with liposomal cytarabine (25–50 mg) in combination
with oral steroids to prevent chemical meningitis every 3 weeks [29]. When liposomal
cytarabine was no longer available, it was switched for standard aqueous aracytine.

The MEMMAT-like regimen was defined as MEMMAT without IVe therapy, without
bevacizumab, and/or without thalidomide. The planned treatment duration was 1 year. In
cases of toxicity, dose reductions were recommended to try to avoid treatment breaks at the
discretion of the local treating physician. Additional radiotherapy concomitant to or at the
end of MEMMAT was allowed in case of a response.

2.3. Evaluation
2.3.1. Response to Treatment

T1- or T2-weighted images of the target lesions on MRI were used to evaluate the
length of the 2 longest tumor dimensions. Complete response (CR) was defined as the
complete disappearance of a measurable disease, a partial response (PR) was defined as
≥50% decrease in the product of the two maximum perpendicular diameters compared
with the baseline evaluation, and stable disease was defined as ≤50% decrease and ≤25%
increase in the product of diameters. Progressive disease (PD) was defined as a ≥25%
increase in the product of diameters or the appearance of new lesions (RAPNO) [30].

2.3.2. Evaluation of Toxicity

Side effects were retrospectively collected and evaluated according to the Common
Terminology Criteria for Adverse Events (CTCAE) v. 4.0.

2.4. Statistical Methods

Progression-free survival (PFS) was defined as time elapsed from recurrence that
triggered the initiation of the “MEMMAT” regimen to the date of relapse, progression,
or death from any cause or, for patients without any events, to the date of last follow-
up. Overall survival (OS) was defined as the time elapsed from the date of relapse that
triggered the initiation of the “MEMMAT” regimen to the date of death from any cause or,
for survivors, to the date of last follow-up.

PFS and OS were estimated using the Kaplan–Meier method and described in terms of
median along with the associated 2-sided 95% CIs. Survival distributions were compared
according to the type of malignancy; the number of previous lines of treatments; and
the type of regime, full or MEMMAT-like, using a Log-Rank test, supported by a Cox
regression. The hazard ratios between subgroups, along with the associated 2-sided 95%
CIs for the estimates, were determined. Statistical analysis was conducted using SAS
statistical software version 9.4.

3. Results

Forty-one patients were identified and included in this series. The characteristics
of the patients are detailed in Table 1. All 41 patients had relapsed or refractory CNS
brain tumors, mostly medulloblastoma (22 pts—54%) or ATRT (8 pts—27%). Thirty-three
patients (80%) received MEMMAT for a relapsed/progressing tumor, and eight patients
(20%) received treatment as part of maintenance. The MEMMAT treatment was given
as a second-line treatment in 32% of the patients and as third- to fifth-line treatments in
68% of the patients. Almost all patients had anterior chemotherapy (95%—39 pts) and/or
radiotherapy (95%—39 pts) and/or surgery (98%—40 patients). The full MEMMAT was
given in 39% of the patients. Fourteen and ten patients did not receive IVe therapy and
bevacizumab, respectively. Of note, seven patients also received radiotherapy during or
after completing their MEMMAT treatment.
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Table 1. Patients characteristics.

Frequency
Patient Characteristics

N = 41

Age (years)

Median age (min; max) 14 (1; 19)

Gender

Female 20 (48.8%)

Male 21 (51.2%)

Type of malignancy

Medulloblastoma 22 (53.7%)

Atypical Teratoid Rhabdoid Tumor 8 (19.5%)

Ependymoma 5 (12.2%)

Others 6 (14.6%)

Number of previous lines of treatment

1 13 (31.7%)

2 17 (41.5%)

3 5 (12.2%)

4 6 (14.6%)

Type of treatment previously received

Chemotherapy 39 (95.1%)

Surgery
Radiotherapy

Immunotherapy
Targeted therapies

40
39
0
3

(97.6%)
(95.1%)

(0%)
(7.3%)

MEMMAT received

Full-type 16 (39.0%)

Modified-type 25 (61.0%)

Drugs not administrated in modified MEMMAT

Bevacizumab 10 (24.4%)

Intrathecal injections
Thalidomide

14
13

(34.1%)
(31.7%)

The median duration of treatment was 32 weeks (range 4–156), and the mean time to re-
sponse was 75 days (+/− 97). Treatment was overall well tolerated. Grade 3 or 4 toxicities
were reported in 68% of the patients. The most frequent grade 3–4 toxicities were hemato-
logical. Details of the grade 3–4 are presented in Table 2. Dose had to be adjusted in 27% of
the cases.

With a mean follow-up of 28 months, the best responses were CR in eight patients
(20%), PR in three patients (7%), and SD in three patients (7%), for a clinical benefit rate
of 34%. Progressive disease was observed in 56% of the cases and was either local (20%)
or metastatic (46%). Twenty-one patients died of disease during the follow-up period.
The median overall survival was 26 months (IC95% = 12.4–42.7), and median EFS was
9.7 months (IC95% = 6.0–18.6) (Figure 1).
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Table 2. Observed grade III and IV toxicities.

Toxicity (Grade 3–4)
Number of Patients

N = 41

Hematological toxicity
-Neutropenia 20 (49%)

-Thrombopenia
-Anemia

4 (10%)
2 (5%)

Neurological disorder
-Neuropathy 7 (17%)

-Status epilepticus 2 (4%)
-Hemiparesis 1 (2%)
-Cerebellitis 1 (2%)

Hemorrhagic disorder
-Macroscopic hematuria 1 (2%)

-Rectal bleeding 1 (2%)
Intraventricular reservoir disorder 3 (7%)

Infections 2 (5%)
Others

-Mucositis
-Rhinitis

2 (5%)
2 (5%)

-Thyroiditis 1 (2%)

 
(a) 

Figure 1. Cont.
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(b) 

Figure 1. Overall survival and event-free survival of the whole population. (a) Overall survival;
(b) event-free survival.

When considering the underlying malignancy, EFS for ATRT and medulloblastoma
were, respectively, 6 months and 9.7 months. Interestingly, for the five ependymoma
patients, the median EFS was not reached and only one event was reported (Figure 2).
Among the seven patients who received radiotherapy during or at the end of the MEMMAT
regimen, we observed two complete remissions, one partial remission, one stable disease,
and three progressive diseases.

Figure 2. Event-free survival according to tumor type.
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Since a significant proportion of the patients did not receive the full MEMMAT reg-
imen, we investigated whether this had a significant impact on survival. As shown in
Figure 3, there was no impact on event-free survival when comparing full versus adapted
MEMMAT (7 months (4.1-NE)) vs. 13 months ((3.0–35) p = 0.9)). Interestingly, when looking
at further details of the impact of IVe therapy or bevacuzimab on EFS, we did not find any
difference either (bevacizumab (7.4 months (1.4-NE) vs. 11.5 months (6.0–18.6) p = 0.68)
or IVe therapy (16.6 (3–35) vs. 8 months (3.9-NE) p = 0.73)). Lastly, a similar specific
analysis run on the medulloblastoma population did not show any difference for PFS either
(17 months (1–26) vs. 20 (4.5—not reached) p = 0.44)).

Figure 3. EFS according to treatment with full MEMMAT or modified MEMMAT.

To try to identify patients more likely to benefit from the MEMMAT regimen, we
investigated the impact of the number of previous lines of treatment and the setting of
initiation of MEMMAT (maintenance vs. progressive disease). As shown in Figure 4, the
number of previous lines of treatment was associated with a statistically significant impact
on EFS. Indeed, when patients received MEMMAT as a second line of treatment, EFS
was not reached vs. 6.4 months (5.7–12.9; p = 0.0076) for patients receiving MEMMAT
as a third or higher line of treatment. Similarly, when MEMMAT was initiated as part
of maintenance, EFS was significantly better in the maintenance arm (median EFS was
not reached versus 7.8 months (4–17) when compared with patients with progressive
disease at initiation of MEMMAT). These results suggest that MEMMAT should be used
as a means of maintenance during the first relapse. Among the patients who received
MEMMAT as part of maintenance, three had medulloblastoma, two had ependymoma,
and three patients had other types of tumors. Out of the eight patients, four had metastatic
relapse. All patients but one previously received a combination of surgery, radiotherapy,
and chemotherapy. One patient out of eight was in complete remission at the initiation of
MEMMAT. At last follow-up, one patient presented a progressive disease; three and two
patients were in complete remission and partial remission, respectively; and two patients
had a stable disease.
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(a) 

 
(b) 

Figure 4. Event-free survival according to the number of previous lines of treatment and setting
(progressive disease vs. maintenance). (a) EFS according to number of previous lines of treatment
(1 vs. >1). (b) EFS according to the setting at the initiation of MEMMAT (maintenance vs. relapse).
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Lastly, as limited data are available about the use of MEMMAT of ependymoma, we
then focused on the patients with ependymoma. The details are provided in Table 3. All
patients had progressive disease after at least one line of treatment and previously received
at least radiotherapy, except one patient who received MEMMAT as part of maintenance.
Only one patient with metastatic disease progressed while on MEMMAT given as a fourth
line of treatment.

Table 3. Characteristics of patients with ependymomas.

Diagnosis
Tumor Status

Prior to
MEMMAT

nb Previous Lines
of Treatment

Type of Treatment
Previously
Received

Time to Progression
Prior to MEMMAT

(days)

Time to
Progression with
MEMMAT (days)

Patient #1, 7 y-o Anaplastic grade 3 local disease 1
Surgery,

chemotherapy,
radiation therapy

0 0

Patient #2, 21 y-o Grade 2 local disease 3
Surgery,

chemotherapy,
radiation therapy

122 0

Patient #3, 1 y-o Anaplastic grade 3 Metastatic disease,
CSF positive 4

Surgery,
chemotherapy,

radiation therapy
240 34

Patient #4, 9 y-o Anaplastic grade 3 Metastatic disease 1 Surgery,
radiation therapy 452 0

Patient #5, 4 y-o No data Metastatic disease 1
Surgery,

chemotherapy,
radiation therapy

55 0

4. Discussion

We report here the experience of the SFCE with the “real life” use of the MEMMAT or
MEMMAT-like regimen outside of a clinical trial in 41 pediatric patients with refractory
or relapsing brain tumors. The combination appears to be safe and to display efficacy in
patients with ependymoma, ATRT, and medulloblastoma. Indeed, 25% of the patients were
alive without a progressive disease after 3 years.

Among the 17 patients with medulloblastoma, we observed 10% overall survival at
24 months after initiating the MEMMAT treatment. This does not seem to be as good as
the initial report of the MEMMAT regimen [26]. The Vienna team has also further reported
that, out of 29 patients with medulloblastoma treatment with MEMMAT, 9 patients were
alive, with a median of 44 months after recurrence [31]. Five out of nine surviving patients
are currently in CR between 96 and 164 months after starting MEMMAT therapy. Of note,
in this series, five patients died of another cause (accident, leukemia, and septicemia). OS
was 44 ± 10% at 5 years and 39 ± 10% at 10 years, and PFS was 33 ± 10% at 5 years
and 28 ± 9% at 10 years. It is not clear why the results we report here are not as good.
First, at last follow-up, five patients were still under treatment in hopes that, with a longer
follow-up, overall outcome might improve. Additionally, the main difference from the
Vienna experience is that a significant proportion of the patients we report here did not
receive the full MEMMAT regimen. Anyhow, when looking more closely at the impact of
not receiving the full MEMMAT regimen, we could not find any difference in survival both
in the global population or in the medulloblastoma sub-population. These findings shall
nevertheless be considered cautiously because the reasons for not giving full MEMMAT (i.e.,
no meningeal disease and frail patients) might have induced a strong bias and could have
not led to us trying to use the MEMMAT-like regime until our findings were confirmed.
This study is also retrospective and was not well equipped to demonstrate the differences
between the full and adapted MEMMAT. Anyhow, as the statistical analysis did not
reveal significant differences in the patients receiving the full MEMMAT or MEMMAT-like
regimen (i.e., without IVe therapy, thalidomide, or bevacizumab), the fact that some patients
can reach sustained CR without the full regimen raises the question of an optimal design
of the combination. Indeed, the results we report here seem to be anyhow better than the
previous versions of the MEMMAT backbone protocol relying on a four-drug combination
or five-drug combination [17,24]. The mechanism of action of MEMMAT is rooted in the
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metronomic concept; it was therefore designed as an antiangiogenic treatment [26,32], and
IVe therapy was added to avoid resistance in the metastatic meningeal disease, which is
not sensitive to MC. Furthermore, MC has been demonstrated to restore the anti-cancer
properties of the immune system and to directly target cancer cells and cancer stem cells [20].
Ultimately, the MEMMAT regimen may be regarded as a treatment that targets cancer as
a system, suggesting that the treatment might work differently according to the disease,
patients, and setting (i.e., bulky disease vs. minimum residual disease) so that all agents
may not be mandatory for all patients. Noteworthy from this perspective is that survival is
better when MEMMAT is given as maintenance of maintenance after additional treatment
at relapse (i.e., surgery, re-irradiation, and chemotherapy), although several treatments
make it impossible to formally demonstrate the respective impacts of the different parts of
the treatment on the outcome.

We also report an interesting outcome in patients with relapsed ATRT or ependymoma.
The two groups of tumors represent tumors with unmet needs, and innovative therapies
such as targeted therapies and immunotherapies have had quite a limited impact so far.
While the number of patients remains small and shall be confirmed, MC has previously
been reported to be of interest in these two types of tumors [33–36]. For ependymoma, the
articulation of a metronomic MEMMAT method of maintenance may be of high value after
second surgery and/or re-irradiation.

A significant proportion of the patients presented with grade 3 or grade 4 toxicities.
The most frequent types were hematological toxicities that required dose adjustments. This
is in part related to previous heavy treatment with craniospinal radiotherapy and/or high-
dose chemotherapy followed by peripheral stem cell transplantation, but this treatment,
although metronomic, has an intrinsic toxicity, as previously reported by Peyrl et al. [26] or
Porkholm et al. in a modified version of the MEMMAT protocol for patients with relapsing
DIPG/HGG [37]. Pediatric patients living in low- and middle-income countries (LMIC) are
potentially interested in MC given its low cost and low toxicity [22]. Anyhow, the addition
of bevacizumab or thalidomide, and the requirements of IT therapy make it not fully
adapted for this setting. Whether a lighter MEMMAT-like protocol would be of interest for
LMIC remains an open question.

We also need to acknowledge the limitations of this series. It is retrospective, despite
a detailed and precise protocol; as mentioned above, the treatment is heterogenous, and
several types of disease have been included. Additionally, physicians may have chosen
to add IVe therapy when meningeal disease was evidenced, creating bias. Lastly, we did
not have precise molecular subgroups for most patients. Group 4 medulloblastoma, for
instance, has been reported to have a less aggressive behavior [38]. The repartition of the
molecular subtypes of brain tumors included might therefore influence the EFS in this
series. Anyhow, in the series from Slavc et al. [31] among the 23 patients whose tumors
underwent molecular subgrouping classification using a DNA methylation array and brain
classifier mnp-V12.5, group 4 medulloblastomas seem to group 4 have better outcome
than group 3 medulloblastoma (median survival: 43 months (14–71) vs. not reached). As
group 3 medulloblastomas are commonly accepted as displaying worse prognoses, the
findings reported by Slavc et al. [31] seem to further highlight the potential of MEMMAT
for both relapsing Group 3 and 4 medulloblastomas, which represent medical unmet needs.
Moreover, the lack of molecular profiling for most of our patients should not diminish
the interesting outcomes reported despite not furthering research in precision medicine.
Nevertheless, this series represents real-life data from patients who have not been highly
selected as it would be the case for an early phase clinical trial, and it provides valuable
additional information regarding the potential of this combination.

5. Conclusions

Our series confirms the capacity of the MEMMAT regimen to control relapsing/refractory
pediatric brain malignancies beyond medulloblastomas. It seems that it would lead to
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better outcome if used as a second-line treatment and as part of maintenance. Performing
additional state-of-the-art studies is mandatory to confirm or question our results.
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Abstract: Background: Breast cancer, with 2.3 million new cases and 0.7 million deaths every year,
represents a great medical challenge worldwide. These numbers confirm that approx. 30% of BC pa-
tients will develop an incurable disease requiring life-long, palliative systemic treatment. Endocrine
treatment and chemotherapy administered in a sequential fashion are the basic treatment options
in advanced ER+/HER2- BC, which is the most common BC type. The palliative, long-term treat-
ment of advanced BC should not only be highly active but also minimally toxic to allow long-term
survival with the optimal quality of life. A combination of metronomic chemotherapy (MC) with
endocrine treatment (ET) in patients who failed earlier lines of ET represents an interesting and
promising option. Methods: The methodology includes retrospective data analyses of pretreated,
metastatic ER+/HER2- BC (mBC) patients who were treated with the FulVEC regimen combining
fulvestrant and MC (cyclophosphamide, vinorelbine, and capecitabine). Results: Thirty-nine previ-
ously treated (median 2 lines 1–9) mBC patients received FulVEC. The median PFS and OS were 8.4
and 21.5 months, respectively. Biochemical responses (CA-15.3 serum marker decline ≥50%) were
observed in 48.7%, and any increase in CA-15.3 was observed in 23.1% of patients. The activity of
FulVEC was independent of previous treatments with fulvestrant of cytotoxic components of the Ful-
VEC regimen. The treatment was safe and well tolerated. Conclusions: Metronomic chemo-endocrine
therapy with FulVEC regimen represents an interesting option and compares favorably with other
approaches in patients’ refractory to endocrine treatments. A phase II randomized trial is warranted.

Keywords: breast cancer; metronomic chemotherapy; chemo-endocrine therapy; FulVEC

1. Introduction

Breast cancer (BC) is the most commonly diagnosed cancer type, accounting for one
in eight cancer diagnoses worldwide. Over the last 30 years, the incidence of BC has
continuously increased, while mortality demonstrated an opposite trend. There were about
2.3 million new breast cancer cases and 0.7 million breast cancer deaths worldwide in 2020.
Breast cancer is the second most common cause of death from cancer in women in the
United States and numbers fifth worldwide [1]. There is no doubt, that the majority of
BC-related death is observed in patients with disseminated diseases. While only 5% of BC
patients are initially diagnosed with metastatic disease, approx. 30% of BC survivors will
ultimately metastasize [2]. Over the recent two decades, despite the introduction of many
novel targeted therapies for mBC, the prognosis of advanced breast cancer patients is poor,
and mBC remains an incurable, fatal condition.
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Most BCs express estrogen receptors (ER), which act as a therapeutic target for en-
docrine therapies representing the central core of the initial systemic treatment in the
majority of advanced BC ER+/HER2- patients [3]. The activity of endocrine therapy (ET),
even when combined with novel targeted agents such as CDK4/6 inhibitors, PIK3CA, or
mTOR inhibitors, is time-restricted, and ultimately, all metastatic BC patients treated with
ET will progress. Globally, chemotherapy (CT) is the treatment of choice in ER+/HER2- pa-
tients resistant to ET [4]. Although novel approaches based on antibody-drug conjugates are
emerging, their timely implementation in clinical practice may be limited by regulatory and
financial issues. Most advanced, ET-resistant BCs are treated with single-drug chemother-
apy regimens administered intravenously or orally on a long-term (until progression) basis.
However, the heterogeneity of advanced BC represents a tremendous clinical challenge in
that various metastatic lesions may develop distinct resistance mechanisms to ET and CT,
thus making them susceptible to different therapeutic agents [5]. Therefore, combinatory
approaches represent a promising treatment strategy for the better systemic control of the
disseminated disease. While intravenous multi-drug regimens are usually highly toxic, the
metronomic, orally administered polychemotherapy is much better tolerated, and due to
its multidirectional activity (anti-proliferative, antiangiogenic, and immunomodulatory), it
may provide superior clinical benefits in many tumor types, including breast cancer [6–8].

The combination of ET and CT is still controversial based on the non-conclusive
evidence from numerous but old clinical studies. However, considering the highly positive
data on the combination of ET with antiproliferative agents (CDK4/6i) and many biological
similarities between CDK4/6i and metronomic chemotherapy, the combination of ET with
CT deserves attention, especially in low- and middle-income countries for which many
novel drugs are simply unaffordable [9].

This manuscript presents the results of a retrospective analysis that evaluated the
safety and efficacy of a metronomic chemo-endocrine regimen (FulVEC) in advanced,
pretreated ER+/HER2- patients.

2. Materials and Methods

2.1. Patients

We retrospectively collected data on consecutive, advanced BC patients treated with
metronomic chemo-endocrine therapy (FulVEC) at Jagiellonian University-Medical College
Hospital in Cracow between 2018 and 2022. Metronomic chemotherapy has been initially
offered to pretreated, progressing (radiographic and biochemical progression) patients who
were deemed unfit or refused further lines of standard intravenous chemotherapy regimens.
Furthermore, the treatment was also offered to pretreated, progressing patients who were
asymptomatic or mildly symptomatic and were reluctant toward the immediate initiation of
intensive, intravenous chemotherapy. Eligible patients had histologically proven advanced
(metastatic or locally recurrent) inoperable breast cancer and presented with a performance
status of ECOG 0–2. The study has been approved by the local bioethical committee at
Jagiellonian University.

2.2. Treatment

The metronomic chemo-endocrine therapy FulVEC consisted of fulvestrant 500 mg i.m.
administered on days 1, 14, 28, and q1m thereof combined with metronomic, continuous
polychemotherapy VEC (vinorelbine 40 mg three times a week, cyclophosphamide 50 mg
p.o. qd, capecitabine 500 mg p.o. tid). Dose adjustments were performed based on the
evaluation of treatment-emergent adverse events, and particular drug-related AE has led
to a stepwise reduction in a given drug. Upon the occurrence of vinorelbine-induced AE,
the dosage was reduced from 50 mg tiw to 30 mg q2d. Capecitabine-related AE led to a
stepwise reduction from 500 mg tid to 500 mg bid and then to 500 mg qd. The single-step
reduction in cyclophosphamide was based on decreased frequencies from 50 mg qd to
50 mg q2d. In the case of non-sufficient dose reduction, the treatment with a particular
drug was withheld until the resolution of particular AEs.
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Data on the following background characteristics of the patients were collected using
standardized data collection instruments: age; ECOG performance status; clinical symptoms;
serum tumor markers, including CA-15.3; tumor stage (locally advanced or metastatic); sites
of distant metastases; pathological diagnosis including immunohistochemistry.

2.3. Analysis of Treatment Efficacy

Since the metronomic chemo-endocrine treatment was initially used as a last-resort
therapy for heavily pretreated ER+ BC patients, an objective evaluation of tumor response
by imaging modalities was not considered a critical aspect and a justified option in most
treated individuals. Clinical decisions were based on the patient’s performance status,
disease-related symptoms intensity, and lab results involving blood morphology and the
biochemical evaluation of organ functions. Treatment efficacy was analyzed retrospectively
by the evaluation of overall survival (OS), progression-free survival (PFS), and treatment-
induced changes in the CA-15.3 level. Biochemical response (bRR) was defined as ≥50%
serum marker reduction, biochemical stabilization (bSD) was defined as a ≤50% reduction,
and biochemical progression (bPD) was defined as any increase in CA-15.3 levels. The
biochemical benefit (bBR) was defined as any decline in CA-15.3 concentrations.

2.4. Safety Analysis

Data on treatment-related myelotoxicity was obtained by the automatic analysis of
laboratory results of the blood samples collected every four weeks during treatment with
the FulVEC regimen. Data on other bone-marrow-unrelated AEs and on FulVEC dosage
modifications or interruptions were derived directly from patients’ medical history.

2.5. Statistical Considerations

Distributions of quantitative variables were summarized with mean, standard devia-
tion, median and interquartile range, whereas distributions of qualitative variables were
summarized with the number and percent of occurrence for each of their values.

Hazard ratios of death and progression were estimated for each predictor at interest in
a univariate Cox proportional hazard model with Jackknife standard errors. Kaplan-Meier
curves and Nelson-Aalen curves were estimated for the overall data and compared with
log-rank test. The significance level for all statistical tests was set to 0.05. However, due
to small sample size at hand, we also reported marginally significant effects with p < 0.1.
Stata/MP 17 was used for computations..

3. Results

Between May 2018 and June2022, 38 patients with advanced ER+/HER2- BC received
palliative metronomic FulVEC chemo-endocrine treatments. The median age of patients at
the FulVEC initiation was 46 years (30–80), and the median follow-up was 22 months. Most
patients had bone (82%) and/or liver (66%) metastases, with only 8% of patients presenting
bone-only disease. Almost half of the analyzed patients (47%) failed previous endocrine
treatments with CDK4/6 inhibitors administered in the first line (27.7%) or ≥ second line
of therapy (19.3%). Most patients failed previous endocrine treatments with fulvestrant
(53%) and experienced progression during chemotherapy, including at least one cytotoxic
agent used in the FulVEC regimen (48.7%). Detailed patients’ characteristics are included
in Table 1.
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Table 1. Patients’ characteristics.

Parameter N (%)

Number of patients 38
Median age (range) 46 years (30–80)
Menopausal status

Premenopausal 15 (39%)
Postmenopausal 24 (61%)

Previous neo/adjuvant chemotherapy 24 (63%)
Previous adjuvant endocrine therapy 23 (61%)

Locoregional relapse 11 (29%)
Disseminated disease 39 (100%)

Bone metastasis 31 (82%)
Bone-only disease 3 (7.7%)

Lung metastasis 13 (34%)
Liver metastasis 25 (66%)

CNS metastasis 3 (8%)

No. of previous systemic treatments 2 (median)
≤2 20 (53%)
3–4 8 (21%)
≥5 10 (26%)

Previously any FulVEC component 30 (77%)
Fulvestrant 20 (53%)
Vinorelbine 11 (29%)
Cyclophosphamide 12 (32%)
Capecitabine 13 (34%)

Previous treatment with CDK4/6i 18 (47%)
1st line 10 (59%)
≥1st line 7 (41%)

3.1. Efficacy

Biochemical response in the evaluable group (n:38) was observed in 19 (48.7%) patients,
with the complete normalization of CA-15.3 confirmed in 8 patients (20.5%). In general,
30 patients (76.9%) experienced a decline in the serum marker (Figure 1). Patients who
had previously received treatment based on any drugs included in the FulVEC regimen
had non-significantly lower bRR and bSD compared to individuals not exposed to any
FulVEC’s component. The bRR and bSD rates were 70% and 20% in non-pretreated patients
and 50% and 28.6% in pretreated patients, respectively (Figure 2A).

Previous treatments with fulvestrant were associated with a higher risk of biochemical
progression—30% compared to 11.1% in fulvestrant-naïve patients (Figure 2B).

Biochemical stabilization (any decline in CA-15.3 levels) was observed in a similar
percentage of patients irrespectively of previous exposure to any of the cytotoxic drugs
used in the FulVEC regimen (73.7% in the pretreated and 89.5% in the non-pretreated
population). However, the bRR was more often observed in non-pretreated patients (73.7%)
than in patients who received any cytotoxic component of the FulVEC regimen (42.1%)
(Figure 2C). There was no significant difference in the biochemical responses with respect to
previous exposure to CDK4/6i. However, numerically, the risk of biochemical progression
on FulVEC was at least twice as high in CDK4/6i non-pretreated patients than in pretreated
patients (Figure 2D).

The median progression-free survival in the entire population was 8.4 months (95%CI
6.5–11.6) with 12- and 24-month PFS rates of 21% and 3%, respectively (Figure 3A). The
median overall survival of FulVEC-treated patients was 21.5 (95%CI 16.7–27.6) with 12-
and 24-month OS rates of 63% and 21%, respectively (Figure 3B).
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Figure 1. Biochemical efficacy of FulVEC (bRR—≥50% decline in CA-15.3; bSD—1–49% decline in
CA-15.3; bPD—any increase in CA-15.3; bBR—any decline in CA-15.3).

Figure 2. Biochemical efficacy of FulVEC according to previous therapy. (A). Previous use of any
FulVEC component, (B). Previous use of fulvestrant, (C). Previous use of any VEC component,
(D). Previous use of CDK4/6i. (bRR—≥50% decline in CA-15.3; bSD—1–49% decline in CA-15.3;
bPD—any increase in CA-15.3; bBR—any decline inCA-15.3). No significant differences (chi-square
test) in biochemical response rates in relationships relative to previous treatments were observed in
(A–D).
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Figure 3. (A). Progression-free survival and (B) overall survival of patients treated with FulVEC.

There were no significant differences in PFS irrepective of previous exposure to
CDK4/6i, fulvestrant, or FulVEC cytotoxic components (Figure 4A–C). However, pa-
tients pretreated with CDK4/6i had a higher median PFS of 9.7 months (95% CI, 5.2–11.6)
compared to non-pretreated patients (7.3 months—95% CI, 6.0–14.0). Similarly to PFS,
previous exposure to CDK4/6i, fulvestrant or FulVEC cytotoxic components had no impact
on OS (Figure 4D–F).

3.2. Safety

The most frequent type of AE was myelotoxicity, with neutropenia observed in 41% of
patients (G3-4 in 25.7%); however, no cases of neutropenic fever were observed (Table 2).
Additionally, the most frequent non-hematologic AE was the capecitabine-related hand-foot
syndrome (HFS), which occurred in 12.8% of patients (G3-4 in 2.5%). Treatment-related AEs
leading to dose reduction in 46% of patients were most often associated with myelotoxicity
(80%) or HFS (15%).

Table 2. Adverse events in patients treated with the FulVEC regimen.

Adverse Events Any Grade G3 G4

Any adverse event 51.3% 38.5% 10.3%
Neutropenia 41.0% 15.4% 10.3%

Anemia 12.8% 5.1% 0%
Thrombocytopenia 2.5% 0% 0%

Fatigue 7.7% 2.6% 0%
Hfs 12.8% 2.5% 0%

Hepatotoxicity 5.1% 2.5% 0%
Abdominal pain 2.5% 2.5% 0%
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Figure 4. Progression-free survival and overall survival of patients treated with FulVEC. PFS of
patients pretreated with (A) any cytotoxic component of FulVEC; p = 0.502; (B) fulvestrant; p = 0.739;
(C) CDK4/6i; p = 0.142. Overall survival of patients treated with FulVEC and OS of patients
pretreated with (D) any cytotoxic component of FulVEC; p = 0.284; (E) fulvestrant; p = 0.898; (F)
CDK4/6i; p = 0.929. All log rank tests for the equality of survival functions (χ2).

The AE-related temporary treatment interruption was required in 23% of patients and
was again most often associated with myelotoxicity (70%) or HFS (25%). However, no
patient required permanent treatment cessation due to FulVEC-associated toxicity, and all
patients could continue the metronomic chemo-endocrine therapy, albeit with some dose
reductions (Table 3).
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Table 3. Interventions in patients experiencing AE during metronomic chemo-endocrine therapy.

Toxicity-Related Treatment Decisions % (N)

Dose reduction 46% (18)
Myelotoxicity 80%
H&F syndrome 15%
Other 5%

Temporary treatment interruption 23% (9)
Myelotoxicity 70%
H&F syndrome 25%
Other 5%

Permanent treatment cessation due to AE 0% (0)

Treatment-related AEs were easily manageable by a precise, step-wise dose-adjustment
approach of the FulVEC regimen (Figure 5). Such a precise mode of dose modification is a
unique feature of multi-drug chemotherapy regimens, which allow for a minimal decrease
in treatment intensity with the direct mitigation of particular treatment-emergent AE.

 
Figure 5. Scheme of a stepwise, particular AE-related dose reduction in FulVEC cytotoxic components.
tid—three times a day; bid—two times a day; qd—every day; q2d—every second day; tiw—three
times a week.

4. Discussion

Even though the concept of metronomic chemotherapy is relatively old, it has not
been robustly evaluated in randomized clinical trials. Most available data on the utility of
metronomic chemotherapy (MCT) in advanced breast cancer (ABC) come from single-arm,
phase II clinical trials or retrospective analyses [10–16]. The results of a phase III study
(METEORA), which were presented recently, demonstrate the superiority of metronomic
chemotherapy VEX (VEC) over weekly paclitaxel in terms of PFS and time-to-treatment
failure (TTF) endpoints [17]. The METEORA study has thus established the VEC regimen
as a safe and active option of MCT for the treatment of advanced BC.

Compared to metronomic chemotherapy, there are even fewer data on the role of a
combination of MCT with endocrine treatments. In a single-arm phase II study, 41 ABC
patients following ≤1 line of endocrine treatment without previous chemotherapy received
metronomic capecitabine combined with fulvestrant [18]. The administration of concurrent
chemo-endocrine therapy (CET) induced 24.5% of objective responses and 58.5% of the
clinical benefit rate. The median PFS and OS were 15.0 and 28.7 months, respectively, which
compares favorably to the outcomes observed in pivotal clinical trials on CDK4/6i com-
bined with fulvestrant. The treatment was well tolerated, with hand-foot syndrome being
the most common G3 adverse event observed in 7.3% of patients. A retrospective study
by Aurilio et al. evaluated the combination of fulvestrant with metronomic chemother-
apy (cyclophosphamide + methotrexate) in 32 heavily pretreated ER+ ABC patients [19].
Concurrent CETs led to one partial response and disease stabilization in 17 patients (53%).
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Again, the study revealed promising clinical activity of CET with an excellent safety pro-
file. In a phase II study, Rashad et al. evaluated a combination of capecitabine-based
chemotherapy with endocrine treatment (letrozole or tamoxifen) as the first-line treatment
of ER+ ABC [20]. Concurrent CETs were associated with objective response and clinical
benefit rates in 60% and 82.5% of patients, respectively. The median PFS and OS for the
general population were 10.0 and 23.3 months, respectively. In patients treated with the
capecitabine + letrozole combination, the median PFS and OS were higher, respectively, by
4.0 and 3.0 months than in the capecitabine + tamoxifen combination.

The results of our analysis compare favorably to the above-mentioned studies. FulVEC
led to a high rate of clinical benefit (at least stabilization of serum marker with no signs of
progression) in most patients who were previously resistant to ET and (in many cases) also
to CT. Additionally, unlike other studies conducted in much less pretreated populations,
the median PFS of 8.4 months and median OS of 21.5% underscores the activity of FulVEC
regimen. Moreover, almost half of the patients treated with FulVEC regimen failed earlier
endocrine therapy combined with CDK4/6i, which were not available when the older,
above-mentioned studies on CET were conducted. Recent studies on the repeated adminis-
tration of CDK4/6 inhibitors combined with other endocrine agents applied in patients
who failed 1st line ET + CDK4/6i revealed at least some modest activity of such approaches.
A phase II study (PACE) was conducted in patients who failed first-line treatment with
CDK4/6i+IA. Patients were randomized into three arms: treatment with fulvestrant, fulves-
trant + palbociclib, or fulvestrant + palbociclib + avelumab. The repeated administration of
CDK4/6i has no impact on fulvestrant’s efficacy with median PFS and OS of 4.6 months
and 24.6 months (fulvestrant + palbociclib) and 4.8 months and 27.5 months (fulvestrant),
respectively [21]. Another phase II, single-arm study, which evaluated the combination
of fulvestrant + palbociclib in patients who failed IA + Palbociclib, demonstrated a short
median PFS of 3.7 months [22].

Since phase III studies on the combination of fulvestrant + CDK4/6i in metastatic
BC resistant to aromatase inhibitor alone demonstrated a median PFS within the range of
11.2–20.5 months and a median OS of 34.8–46.7 months [23–25], the CDK4/6i rechallenge
does not represent a viable clinical option. In this context, the results of our analysis
provide very promising data on the activity of the FulVEC regimen in metastatic BC
patients irrespective of previous therapies (fulvestrant, chemotherapy or CDK4/6i). This
phenomenon must be linked to the multidirectional activity of metronomic chemotherapy
and the synergism of multi-drug chemotherapy combinations, as well as the simultaneous
administration of cytotoxic and hormonal agents.

One of the most important aspects of the FulVEC-based treatment is its safety and
the gradual development of treatment-emergent AEs. Despite the fact that some patients
experienced G3-4 AEs (mainly neutropenia but without neutropenic fever), none were
life-threatening, and all readily subsided after dose adjustments. This safety profile of
FulVEC highly resembles the typical toxicity observed in patients treated with CDK4/6i
combined with ET. It must be underscored that the construction of FulVEC allows for
a uniquely precise and stepwise dose reduction in a particular drug responsible for a
specific AE. The dose intensity of FulVEC can be thus be reduced by much smaller steps
compared to CDK4/6i (Figure 5), where the relative dose intensity per dose reduction
diminished by 20% (palbociclib) or 33% (ribociclib, abemaciclib). Therefore, only a few
FulVEC-treated patients required treatment interruption, and none definitely stopped the
MCT due to toxicity.

We admit that our analysis of FulVEC regimen has several limitations, and they are
mainly related to its retrospective character and the diversity of the studied population.
There are also insufficient data on objective tumor responses since regular imaging (outside
prospective clinical trials) is rarely clinically meaningful in advanced, treatment-refractory,
and often symptomatic patients who demonstrate clinical benefit from a palliative sys-
temic treatment. Additionally, PIK3CA or ESR1 gene mutations, which may have had a
significant impact on ET efficacy, have not been determined in the studied population. Nev-
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ertheless, the study provides a promising signal on the safety and efficacy of metronomic
chemo-endocrine therapy in advanced, often heavily pretreated metastatic BC patients,
of whom many exhausted all available treatment options and who represent a real-world
population of patients with extremely poor outcomes. Such a population of BC patients
desperately awaits novel, active and safe systemic therapies. The robust OS data observed
in the FulVEC-treated population stay in conjunction with other endpoints of our analysis
(biochemical responses and PFS). Based on the obtained results, a randomized, phase II
study is warranted.

5. Conclusions

The promising OS data observed in the FulVEC-treated population stay in conjunction
with other endpoints of our analysis (biochemical responses and PFS). Based on the obtained
results, a randomized, phase II study is warranted.
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Abstract: The upfront treatment of very elderly and frail patients with diffuse large B-cell lymphoma
(DLBCL) is still a matter of debate. Herein, we report results of the metronomic all-oral DEVEC
[prednisolone/deltacortene®, vinorelbine (VNR), etoposide (ETO), cyclophosphamide] combined
with i.v. rituximab (R). This schedule was administered as a first line therapy in 22 elderly/frail
DLBCL subjects (median age = 84.5 years). In 17/22 (77%) patients, the Elderly-IPI-score was high.
After a median follow-up of 24 months, 15 patients had died: seven (50%) for causes unrelated to
DLBCL or its treatment, six (40%) for progression, and two (13%) for multiorgan failure. Six treatment-
pertinent serious-adverse-events occurred. At the end of induction, 14/22 (64%) achieved complete
remission; overall survival and event-free survival at 24 months were both 54% (95% CI = 32–72%),
while the disease-free survival was 74% (95% CI = 48–88%). Furthermore, antiproliferative and
proapoptotic assays were performed on DLBCL/OCI-LY3 cell-line using metronomic VNR and ETO
and their combination. Both metronomic VNR and ETO had concentration-dependent antiprolifera-
tive (IC50 = 0.036 ± 0.01 nM and 7.9 ± 3.6 nM, respectively), and proapoptotic activities in DLBCL
cells. Co-administration of the two drugs showed a strong synergism (combination index < 1 and
dose reduction index > 1) against cell proliferation and survival. This low-dose schedule seems to
compare favourably with intravenous-CHEMO protocols used in the same subset. Indeed, the high
synergism shown by metronomic VRN+ETO in in vitro studies, explains the remarkable clinical
responses and it allows significant dose reductions.

Keywords: metronomic chemotherapy; chemo-free; DLBCL; diffuse-large-b-cell-lymphoma; elderly;
frail; comprehensive geriatric assessment

1. Introduction

Diffuse large B-cell lymphoma (DLBCL) is an aggressive and most common type of
lymphoma, with an incidence of about 7 cases per 100.000 persons per year [1]. As up
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to 70% of patients, who are <80 years and fit, can be cured by the combination of
Rituximab-CHOP [2] and the use of intravenous chemotherapy (iv-CHEMO), which re-
mains a pillar of upfront treatment. However, in patients ≥80 years and in frail subjects,
alternative approaches are urgently needed [3]. In fact, vulnerable elderly, currently rep-
resents a fast-growing subset of DLBCL [4] and their management, is a matter of concern
in clinical practice. As none of the iv-CHEMO schedules so far experimented in this
subset [5–7] have become the standard of care.

Conversely, ongoing clinical trials based on immunomodulators [8], new monoclonal
antibodies [9] and small molecules targeting pathogenetic pathways [10] will hopefully
help a shift towards therapeutic schedules defined as chemo-free, in vulnerable DLBCL.
As a matter of fact, results from a few phase II trials, based on chemo-free combinations,
have already reported encouraging data [11,12].

Worthy of note, in the changing landscape of DLBCL treatment, the potential of
metronomic chemotherapy (mCHEMO), which is a different way of delivering and utilising
well-known cytotoxic drugs, has been very little explored [13]. This lack of knowledge,
compared with solid tumours [14], is presumably due to the high success rate of standard
iv-CHEMO schedules in fit patients.

In 2011 we started to experiment in vulnerable non-Hodgkin lymphoma (NHL) pa-
tients, the DEVEC [Deltacortene®/Prednisolone (PDN), Etoposide (ETO), Vinorelbine (VNR),
Cyclophosphamide (CTX)] schedule, which is an all-oral metronomic poli-chemotherapy
combination. Herein, we report the updated results of this metronomic schedule used
upfront in elderly/frail DLBCL patients. We also support the clinical results with data from
in-vitro experiments, which assessed the activity of metronomic VNR and metronomic
ETO combinations in DLBCL cells.

2. Methods and Patients

2.1. In Vitro Experiments
Cells, Drugs and Reagents

OCI-LY3, a DLBCL cell line, was purchased from DMSZ (Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cultures GmbH, Braunschweig, Germany;
ACC 761) and grown in an 80% RPMI-1640 medium supplemented with 20% heat-inactivated
FBS, antibiotics, and L-glutamine 2 mM. The cells grow singly or in clumps in suspension
and were maintained in tissue culture flasks and kept in a humidified atmosphere of
5% CO2 at 37 ◦C.

VNR and ETO were obtained from Selleckchem (DBA Italia, Milan, Italy) and were
diluted from a 10 mM stock solution (in 100% dimethylsulfoxide) for in vitro studies.
Vehicle-treated controls received the same concentration of dimethylsulfoxide in the media
as cells of the highest concentration of VNR and ETO.

Sterile plastics for cell culture were from Costar (Cambridge, MA, USA), whereas
L-glutamine, antibiotics, RPMI-1640 medium, foetal bovine serum (FBS) and all the other
cited reagents were purchased from Sigma Aldrich SRL (Milan, Italy).

2.2. Antiproliferative Assay of Metronomic Vinorelbine and Etoposide

The assay was performed as previously described [15] with minor modifications.
OCI-LY3 cells were exposed for 144 h with metronomic VNR (0.001–10 nM) and ETO
(0.025–100 nM), or with vehicle alone. VNR or ETO were added every 48 h or 24 h,
respectively, to mimic the clinical schedules. At the end of the treatment, the viable
cells, assessed by trypan blue dye exclusion, were counted with a hemocytometer. The
drug concentrations that inhibited cell proliferation by 50% (IC50) versus vehicle-treated
cells were determined by a nonlinear regression fit of the mean values obtained in triplicate
experiments (at least 9 wells for each concentration).
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2.3. Determination of Synergism between Metronomic Vinorelbine plus Etoposide on
OCI-LY3 Cells

The determination of synergism between metronomic vinorelbine and metronomic
etoposide on OCI-LY3 cells in vitro was performed to report the type of pharmacodynamic
interaction between the drugs and the possible dose reduction in each drug when used in
this combination schedule.

The concomitant combination of metronomic VNR and ETO was investigated at
different concentrations with a fixed molar ratio of 1:100, respectively. Synergism was
calculated by the combination index (CI) and the dose reduction index (DRI) method [16],
where CI < 1, CI = 1, and CI > 1 indicate synergism, additive effect, and antagonism,
respectively. The DRI represents the theoretical magnitude of concentration decrease
that could be obtained for each drug in combination to obtain the same effect of each
drug alone. Briefly, synergism, additivity, or antagonism for metronomic vinorelbine plus
metronomic etoposide was calculated on the basis of the multiple drug-effect equations
and quantitated by the combination index (CI). Based on the classic isobologram, the CI
value was calculated as:

CI = [(D)1/(Dx)1] + [(D)2/(Dx)2]

As an example, at the 90% inhibition level, (Dx)1 and (Dx)2 are the concentrations of
metronomic vinorelbine and metronomic etoposide, respectively, that induce a 90% inhibition
of cell growth; (D)1 and (D)2 are the concentrations of metronomic vinorelbine and metro-
nomic etoposide in combination that also inhibits cell growth by 90% (isoeffective as
compared with the single drugs alone). The dose-reduction index (DRI) defines the degree
of dose reduction that is possible in combination with a given degree of effect as compared
with the concentration of each drug alone, and it was calculated as follows:

(DRI)1 = (Dx)1/(D)1 and (DRI)2 = (Dx)2/(D)2

The CI and DRI indexes were estimated by the CalcuSyn v.2.0 software (Biosoft,
Cambridge, UK). Furthermore, the synergistic, additive, and antagonistic effect of the drug
combination was also mapped with the Loewe additivity model, using the Combenefit
software (v.2.021) [15].

2.4. Apoptosis Assay

To quantify the extent of apoptosis, 3 × 105 OCI-LY3 cells were treated for 48 h with
metronomic VNR, metronomic ETO, and their concomitant combination at the experimental
IC50 or with vehicle alone as a control. At the end of the experiment, control and treated cells
were analysed using the Cell Death Detection ELISA Plus Kit (Roche, Basel, Switzerland) as
per the manufacturer’s instructions. The optical density was measured using a Multiskan
Spectrum microplate reader (Thermo Labsystems, Milan, Italy) set to a wavelength of
405 nm (with a wavelength of 490 nm correction). All the absorbance values were plotted
as a percentage of apoptosis relative to vehicle-treated cells which are labelled as 100%.
All experiments were repeated three times with at least three replicates per sample.

2.5. Statistical Analysis of In Vitro Studies

The investigators responsible for data analysis were blinded to which samples rep-
resented treatments and controls. The results (mean ± SEM) of all the experiments were
analysed with ANOVA, followed by the Student-Newman-Keuls test. The statistical sig-
nificance was set at p < 0.05. Statistical analyses were carried out by the GraphPad Prism
software package version 5.0 (GraphPad Software, Inc., San Diego, CA, USA).

2.6. Clinical Study

This is a multicentre, observational study involving six clinical centres, which adopted
the all-oral DEVEC mCHEMO schedule to treat vulnerable elderly NHL patients. From
25 October 2015 to 31 December 2017, data were retrospectively collected, while from
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1 January 2018 to 30 September 2022 they were prospectively recorded. The schedule was
offered to patients who were considered unfit for treatment with curative intent as an
alternative to IV-CHEMO. The first patient described in this study started treatment on
16 October 2015, while the last follow-up was carried out on 30 September 2022. Rituximab
(R) was added to DEVEC in B-cell NHL expressing the CD20-antigen. Only subjects
with a confirmed diagnosis of DLBCL, who were treated up-front with the R-DEVEC
schedule were considered for this report. This 28-days schedule (Supplementary Figure S1),
was repeated for six cycles, as previously described [17]. The starting dose of ETO was
empirically fixed to 14 days, with the intention to taper ETO doses within the first cycle
of mCHEMO, and to allow haematological values within the established threshold. The
first four Rituximab (R) infusions were administered weekly at a dose of 375 mg/m2,
starting from day +8 of cycle 1, while the last two doses (5th and 6th) were both given at an
interval of 21–28 days. There was no need of pre-phase with 50 mg PDN [18]. The Hans’
algorithm [19] was used to classify DLBCL cases. In addition, when immunohistochemistry
showed double expression of the genes: MYC (i.e., >40%) and BCL2 (i.e., >50%) or BCL6
(i.e., >40%), FISH analysis was performed to assess if these genes were split. Patients, who
achieved at least a partial remission (PR), at the end of induction were offered to continue
treatment with additional six maintenance cycles of 21-days and a post maintenance
phase (Supplementary Figure S1). Also, it was explained to patients and their family that
maintenance therapy was optional and the benefit of it uncertain. Each cycle was initiated
if polymorphonuclear leukocytes (PMN) ≥ 1500, platelet (PLT) ≥ 50,000 and haemoglobin
(Hb) ≥ 9.5 gr/dL. Granulocyte colony stimulating factor (G-CSF) and erythropoietin were
allowed during the induction cycles. Low molecular weight heparin (LMWH) and low-
dose aspirin were administered to patients at high and low-medium risk of thrombosis
respectively, during the induction phase. Cotrimoxazole and acyclovir prophylaxis were
suggested for all subjects, while ciprofloxacin prophylaxis was started if PMN < 1.0 × 109.
Adverse events were coded following the CATCAE v4.03 (https://www.eortc.be/services/
doc/ctc/CTCAE_4.03, accessed on 2 July 2022).

Statistical analysis was performed with GraphPad Prism 5 (GraphPad Software, San
Diego, CA, USA). Overall (OS), progression-free (PFS) and event-free survival (EFS) analy-
ses were carried out using Kaplan-Meier, and its significance was assessed by the log-rank
(Mantel-Cox) test. Treatment stops, before six cycles of induction by any cause, progression,
and deaths were all considered events for the EFS analysis. Fisher’s exact test was used to
evaluate the impact of significant co-variates on survival.

Caregivers were required to guarantee the proper administration of DEVEC in patients
who were very old and frail. Restaging was scheduled by computerized-tomography (CT)
scan between the 2nd and 3rd induction-cycles at the end of the induction phase by FDG
positron-emission CT-scan (CT-PET) [20] and every six months in the following two years.
Last follow-up data were retrieved as of 30 September 2022.

3. Results

3.1. In Vitro Results

The 144h treatment with metronomic VNR and metronomic ETO showed a significant
concentration-dependent inhibitory activity on human OCI-LY3 cell proliferation. The
calculated IC50s at 144 h was obtained in these cells at 0.036 ± 0.01 nM with VNR, whereas
the 50% of cell proliferation was inhibited at a concentration of 7.9 ± 3.6 nM with ETO
(Figure 1A). Simultaneous exposure to metronomic VNR and ETO showed synergism
(CI < 1) at effect levels exceeding 60% inhibition represented by the fraction of affected cells
(Figure 1B). Synergism corresponding to CI < 1 always yielded a favourable DRI for both
drugs (Table 1). Indeed, in the cases of metronomic VNR or ETO, it could be possible to
reduce the concentration of the drug in vitro more than 15-fold or 217-fold, respectively,
when the drug is combined to obtain the same 95% level of cytotoxic effects (Table 1). The
Loewe analysis of synergism (Figure 1C) confirmed the findings obtained with the Chou
method for high percentage of cell proliferation inhibition but also showed a wide area of
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additivity effect (light green and azure colours) between the 40 and 60% of cell prolifera-
tion decrease. Interestingly, synergism and related reductions of drug concentrations are
favourable for high level of inhibition of cell proliferation (>90%) to obtain a clinical benefit
such as the reduction in the number of tumour cells or the control of neoplastic disease.
A representative 95% isobologram of OCI-LY3 cells exposed to concomitant metronomic
VNR and ETO for 144 h has been drawn (Supplementary Figure S2). The IC95 values of
each drug are plotted on the axes while the line represents the additive effect; the point,
reported on the left of the connecting line, reproduces the concentrations of VNR and ETO
resulting in 95% growth inhibition of the concomitant combination, indicating synergism.

The proapoptotic activity of the concomitant combination of metronomic VNR and
ETO on DLBCL cells was quantified using an ELISA test. The extent of DNA fragmenta-
tion was dependent on the exposure of the experimental drug and on the combination.
In particular, the Figure 2 shows a significant proapoptotic activity of both single drugs at
the IC50 already after 48 h of exposure in OCI-LY3 cells, whereas the same drug concentra-
tion greatly and significantly enhances the apoptotic signal.

Figure 1. Cont.
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Figure 1. (A) Antiproliferative effects of metronomic vinorelbine and metronomic etoposide after
144 h of exposure. Columns and bars, mean values ± SEM, respectively. * p < 0.05 vs. vehicle-treated
controls. (B) Combination index (CI)-fraction affected (Fa) plot of the metronomic vinorelbine (VNR)
and etoposide (ETO) combination 144 h at the molar ratio of 1:100 in OCI-LY3 cell line; CI < 1, CI = 1
and CI > 1 indicate synergism, additive effect, and antagonism, respectively. (C) The 3-dimensional
landscape of the dose matrix of combination responses for metronomic VNR and metronomic ETO
based on the Loewe model, where blue reflects evidence of synergy and red represents evidence of
antagonism. The model supported synergy of the combination in reducing OCI-LY3 cell line viability.
Cell viability was plotted as % control.

Figure 2. Apoptosis measurements using the Cell Death Detection ELISA Plus kit after 48 h of
treatment. Absorbance values are representative of vehicle-treated and metronomic VNR, metronomic
ETO and their combination cell cytosolic nucleosomes. All the absorbance values were plotted as
a percentage of apoptosis relative to vehicle-treated cells which is labelled as 100%. The internal
negative control was provided by the ELISA kit. Columns and bars, mean values ± SD, respectively.
* p < 0.05 vs. vehicle-treated controls.
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Table 1. Dose reduction index (DRI) values of Vinorelbine and Etoposide for fraction affected (Fa)
of OCI-LY3 cell proliferation ranging from 0.60 to 0.99. The concomitant combination treatment of
vinorelbine and etoposide was administered at the molar ratio of 1:100 for 144 h. The DRI defines the
degree of dose reduction that is possible in combination for a given degree of effect as compared with
the concentration of each drug alone.

Dose Reduction Index

Fraction Affected Vinorelbine Etoposide

0.60 4.795 1.232
0.65 5.304 1.903
0.70 5.908 3.030
0.75 6.653 5.056
0.80 7.621 9.087
0.85 8.984 18.478
0.90 11.177 47.431
0.95 15.907 217.423
0.99 34.687 6281.652

3.2. Clinical Results

Twenty-two DLBCL patients started R-DEVEC upfront (Table 2). All subjects were
elderly and most were ≥80 years (n = 18/22, 82%). Comprehensive geriatric assessment
(CGA), as published by Merli and co-workers [21], was carried out before starting treat-
ment. All patients, but one who was unfit, scored Frail or Super-frail (n = 21/22, 95%)
(Table 2). Fifteen patients out of 22 (57%) completed six induction cycles (median = 7 cycles,
range 2–18). Only 8 out of 14 (57%) patients who achieved CR, started maintenance cycles
(median = 6, range = 4–12). The remaining six patients did not, because of personal or
medical choice.

Table 2. Clinical features and Response in 22 Elderly/Frail patients with DLBCL, treated upfront
with R-DEVEC.

Factors
B-cell Lymphoma (n = 22)
n (%)

Median Age (range) 84.5 (77–93)
Male 14 (64)
Stage III-IV 19 (86)
Ecog PS 1 5 (22)
PS 2 13 (59)
PS 3 4 (18)
Hemoglobin <12 g/dL 11 (50)
Albumin <3.5 g/dL 11 (50)
Bulky ≥7.5cm [21] 9 (41)
IPI 1–2 5 (22)
IPI 3 5 (22)
IPI 4–5 12 (54.5)

a CGA
Unfit = 1(4)
Frail = 15 (68)
Super-Frail = 6 (27)

b EPI
Int = 5 (22)
High = 17 (78)

Histologic subtypes

DLBCL NOS = 2(9)
Non-GC-type = 9 (41)
GCB-type = 7 (32)
Transformed-NHL = 3 (14)
CHL/DLBCL = 1 (4)
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Table 2. Cont.

Factors
B-cell Lymphoma (n = 22)
n (%)

Interim Response

ORR = 17 (77)
PR = 10 (45)
CR/CRu = 7 (32)
NR = 3 (14)
NE = 2 (9)

Final Response

ORR = 14 (64)
PR = 0
CR = 14 (64)
NR = 4 (18)
NE = 4 (18)

IPI 1–2; 3 and 4–5 international prognostic index score of 1–2; 3 and 4–5. a CGA: comprehensive geriatric assess-
ment as defined by Merli and co-workers. b EPI: Elderly-IPI, from the Elderly Project of the Fondazione Italiana
Linfomi by Merli and co-workers. DLBCL-NOS: diffuse large B-cell lymphoma without other specifications,
Non-GC type: non germinal center type; GC-type: germinal center type on the basis of the Hans ‘algorithm [19].
CHL/DLBCL= histology with feature of both Hodgkin and non-Hodgkin lymphoma, ORR = Overall response,
PR = partial response; CRu = Complete remission undetermined; NR = non-respondent; NE = not evaluable.

After a median follow-up of 24 months (range 4–80 months), 15 patients had died:
seven (47%) for causes unrelated to DLBCL or its treatment (Supplementary Table S1),
six (40%) for progression, and two (13%) for multiorgan failure. The latter two subjects
had stopped treatment following cycles one and two, respectively, because of excessive
toxicity. No patient’s death was considered as directly related to treatment toxicity. The
first 12 patients started R-DEVEC within 14 days of ETO administration [17]. However,
5/12 (42%) subjects required a reduction in ETO doses during cycles 1 or 2 because of the
occurrence of grade ≥3 extra-hematologic toxicities. Therefore, the following 11 subjects
started the schedule with only seven days of ETO, while the drug was omitted in all Super-
Frail patients (i.e., R-DEVEC-light) from cycle one or two. Also, G-CSF prophylaxis from
day 22, was thereafter recommended, in all subjects. Overall, treatment-related serious
adverse events (TR-SAE) were recorded in 6/22 subjects (27%; 95% CI = 14–33): three
febrile neutropenia, one urosepsis and two cases of pneumonia, respectively. Indeed, only
one TR-SAE occurred after the upfront reduction in ETO. Neutropenia and anaemia of
grade ≥3 were recorded in 9/22 (41%) and 5/22 (23%), respectively.

At the interim evaluation, the overall response (ORR) and the complete remission
rate (CRR) were 77% and 32%, respectively, while at the end of induction the ORR and
the CRR were both 64% (Table 3). Overall (OS) (Figure 3A) and event-free (EFS) survivals
at 24 months were both 54% 95% CI = 32–72), while disease-free survival (DFS) was 74%
(95% CI = 48–88%) (Figure 3B). Univariate analysis was also carried out to investigate the
influence of several parameters on survival (Table 3). International prognostic index (IPI),
Elderly-IPI (EPI) [22] and not achieving CR at the end of induction, negatively affected
both EFS and OS (Table 3). In addition, there was a negative prognostic trend also for bulky
mass ≥7.5 cm, which did not achieve statistical significance (Table 3). Noteworthy, there
was no difference in outcome between patients, who following R-DEVEC received and
who did not receive maintenance (Table 3). Conversely, the three super-frail subjects, who
achieved CR, following R-DEVEC-light, received at least six cycles of maintenance.
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Table 3. Univariate analysis for OS, EFS, and DFS of several risk factors.

Factors EFS and OS DFS

Odds Ratio 95% CI p Value Odds Ratio 95% CI p Value

Hb < 12 g/dL 1.167 0.2475–5.276 1 1.125 0.2120–5.919 1
Bulky > 7.5 cm (n = 20) * 6.222 0.8219–31.78 0.0861 10 1.136–127.1 0.0635
DEVEC-light 1.429 0.2653–7.492 1 0.48 0.03458–4.368 1
No maintenance cycles following
CR (n = 14) 2 0.08546–42.12 1 0 0.000–3.871 0.5055

EPI high +∞ 1.207–+∞ 0.0457 +∞ 0.4506–+∞ 0.2725
Low albumin 0.6857 0.1427–3.442 1 0.9167 0.1423–6.078 1
Male sex 0.3673 0.07937–2.258 0.4015 0.1778 0.01380–1.408 0.179
IPI 3–5 +∞ 1.207–+∞ 0.0457 +∞ 0.4506–+∞ 0.2725
Not CR as Intermediate Response
(n = 21) 6 0.7510–77.24 0.1736 +∞ 1.015–+∞ 0.0609

Not CR as Final Response (n = 18) +∞ 2.397–+∞ 0.0049 +∞ 2.397–+∞ 0.0049
Super-frail 0.9643 0.1924–5.171 1 0.3667 0.02713–3.089 0.6214
Age ≥ 80 3 0.3652–42.70 0.594 0.2857 0.03816–2.418 0.2919
PS = 3 3.667 0.5689–22.33 0.3413 4.667 0.7269–26.94 0.2786

CI: Confidence interval; CR: complete response; EFS: event-free survival; EPI: elderly prognostic index;
Hb: hemoglobin; IPI: international prognostic index; OS: overall survival; DFS: disease-free survival; PS: perfor-
mance status. *: the number of patients for whom the factor was available is reported in parenthesis.

Figure 3. (A) Overall survival (OS) estimated at 24 months is 54%; (B) disease-free survival estimated
at 24 months is 74%. The dotted black lines represent the 95% Confidence Intervals. Dots on survival
curves are the events.

4. Discussion

This study confirmed our preliminary report regarding metronomic chemotherapy in
DLBCL [17]. The main clinical result consists in the ability of upfront R-DEVEC, to achieve
long-lasting remission in Elderly/Frail DLBCL. Moreover, based on this extended clinical
experience, we were able to provide more accurate, practical suggestions about dosing, du-
ration, and administration of R-DEVEC, in very elderly and frail subjects. More importantly,
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we report new pharmacological data about this schedule, which rationally supported the
clinical results and could help to optimize its use in vulnerable elderly patients.

Indeed, our in vitro data on the human DLBCL cell line OCI-LY3 demonstrated that
both metronomic VNR and ETO directly and remarkably inhibited the DLBCL cell prolifer-
ation and promoted the apoptotic process. The selection of the OCI-LY3 cell line was based
on various characteristics: (i) the origin of the cell was not from a young patient but from a
middle-aged man with a stage IV DLBCL that reflects more our population (64% elderly
male; 86% stage III-IV); (ii) the cell line is CD20+, CD19+, CD37+ and CD80+ that opens
the possibility to future in vitro combination of metronomic chemotherapy with target
therapies such as rituximab, tafasitamab or antiCD37 antibodies; (iii) the cell line has been
described to harbor 3–4 copies of cMYC and the rearrangements of BCL-2 and BCL-6 [23].
OCI-LY3 cells were extremely sensitive to both VNR and ETO given in vitro metronomically,
with calculated IC50s in the range of picomolar and nanomolar concentrations, respectively,
if maintained constant for a protracted time (i.e., six days). However, more central for
clinical translation of the results, their simultaneous metronomic association showed a
robust synergistic effect—described with two different methodologies—on OCI-LY3 cells
for high percentages of cell proliferation inhibition and exhibited a powerful proapoptotic
effect (+142% vs. control). These characteristics suggest that the combination of the two
drugs is far more effective than the single treatment. This observation opens to a strong
reduction in the doses of both compounds when combined (as witnessed by the DRIs in
Table 1) without losing any activity on cancer cells and further reducing the risk of danger-
ous toxicities. These low and effective concentrations can be easily reached in the plasma
of patients administered with metronomic schedules, including DEVEC, as demonstrated
by our group and other teams [24–26]. Of more interest, Gusella and colleagues reported
that metronomic vinorelbine-treated patients who had long-term benefits without toxicity,
showed lower VNR concentrations than those who had not [26].

In this series, the higher value of DFS versus OS reflects that a fair percentage of
deaths occurred in CR patients; we would highlight that these subjects, due to their old
age and burden of comorbidities, often had died for causes unrelated to DLBCL or its
therapy. This observation further emphasizes the tolerability and activity of R-DEVEC.
Based on our experience, we suggest elderly frail patients receive no more than 7 days of
ETO. Alternatively, because of the synergistic activity of ETO and VNR, observed in our
in vitro pharmacological experiments, elderly frail may: (1) be treated with a much lower
daily dose of ETO for more days; or (2) receive 50 mg of ETO every two days. Conversely,
to avoid excessive toxicity, ETO should be omitted in Super-frail subjects, who instead can
be safely treated with Rituximab, VNR, CTX and PDN combination (i.e., R-DEVEC-light).
Also, G-CSF should be scheduled in all patients from day 21. Worthy of note, peripheral
neuropathy, which is an insidious long-term side effect of iv-CHEMO containing vinca-
alkaloids, such as R-mini-CHOP, never occurred in patients treated with DEVEC [15,17].
Both high IPI and EPI scores, which were prevalent in this series, had a poor prognostic
impact, while the presence of a bulky mass did not achieve statistical significance. Hence,
we can speculate that impaired delivery of iv-CHEMO, due to vessels compression, which
occurs in tumour mass [27–29], may not be an issue with mCHEMO. In fact, the lower and
persistent plasma concentrations, allowed by mCHEMO, determine the tumour vascular
normalization and the ability to better diffuse in tumour tissues [30]. Interestingly, 3/6
(50%) of Super-frail patients, who were treated with R-DEVEC-light (i.e., devoid of ETO),
achieved CR and had a sustained remission following maintenance cycles. Conversely,
maintenance, may not be necessary in treatment-naïve patients who achieve CR after six
R-DEVEC cycles (i.e., containing ETO). In fact, PFS was not negatively affected by stopping
mCHEMO after induction (Table 3). We acknowledge this study has several limitations:
(1) not a controlled study; (2) a limited sample size and (3) the lack of information about
the overall number of very elderly and frail subjects who started iv CHEMO.

Notwithstanding, our data seems to compare favourably with the seminal work of
Peyrade and Co-workers [5]. In fact, following R-miniCHOP the 24-months disease free
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survival was reported to be slightly less than 60% (vs. 74% for R-DEVEC) [5]. Further-
more, two recent trials based on Rituximab-lenalidomide [11] and Rituximab-lenalidomide-
ibrutinib(iR2) [12] combinations, respectively, reported a 12-months PFS of 55%, [11] and
a 24-months PFS of 53%, respectively. We acknowledge these comparisons, although in-
triguing, remain speculative. A prospective, randomized clinical trial is needed to fully
legitimize the use of all-oral, non-expensive mCHEMO as a first-line treatment for the
vulnerable and elderly. Unfortunately, as no drug of the DEVEC combination is under
patent, the making of a prospective trial is currently hampered by a lack of funding.

Indeed, lenalidomide is a cytotoxic compound. Nonetheless, because it is administered
orally and at low doses, it is not properly classified as a chemo-free treatment. Hence,
lenalidomide, as well as other chemotherapeutic drugs given at metronomic doses, should
be more appropriately indicated as chemo-free-like schedules.

Despite low concentrations of cytotoxic drugs, our in vitro data and clinical results ra-
tionally supported the use of the metronomic schedule R-DEVEC in elderly, treatment-naïve
DLBCL patients. Indeed, this therapeutic approach allows an effective pharmacological
activity on cancer cells that translates into a remarkable remission rate and long-term
efficacy, with acceptable toxicity and good tolerability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11237162/s1, Supplementary Figure S1: DEVEC schedule;
Supplementary Figure S2: Isobologram analysis of OCI-LY3 cell growth inhibition by the concomitant
combination of metronomic vinorelbine (VNR) and etoposide (ETO); Supplementary Table S1: Causes
of death of 15 patients treated with R-DEVEC.
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Abstract: Metronomic chemotherapy (MC) is the frequent, regular administration of drug doses
designed to maintain a low, but active, range of concentrations of chemotherapeutic drugs, during
prolonged periods of time without inducing excessive toxicities. To date, more than 400,000 children
and adolescents under the age of 20 are diagnosed with cancer, per year, with 80% survival in
most high-income countries, but less than 30% in low- and middle-income ones. In this review, we
summarized the principal preclinical and clinical studies involving the use of MC in the most common
pediatric tumors, with an overview of efficacy, toxicity, pharmacokinetic profile, and biomarkers.
The best advantages of MC are low toxicity, oral administration and, thus, the feasibility of a more
comfortable, home-based treatment, therefore improving the quality of life of the children themselves
and of their parents and caregivers. Moreover, MC could represent a valid method to reduce the
economic burden of anticancer therapy in the pediatric setting.

Keywords: metronomic chemotherapy; pediatric tumors; preclinical studies; clinical studies; phar-
macokinetic studies; biomarkers

1. Introduction

Metronomic chemotherapy (MC) is the frequent, regular administration of drug doses
designed to maintain a low, but active, range of concentrations of chemotherapeutic drugs,
during prolonged periods of time without inducing excessive toxicities. MC regimens
were developed to optimize the antitumor efficacy of cytotoxic agents, thus avoiding
recurrent issues of standard maximum tolerated dose (MTD) chemotherapy [1]. MC acts
through different mechanisms, depending on doses and schedules: the inhibition of tumor
angiogenesis with a privileged activity against endothelial cells [2,3]; induction of tumor
dormancy [4]; direct cytotoxic effect on cancer stem cells [5]; activation of anticancer
immune response by depletion of T regulatory (Treg) cells [6] (Figure 1).
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Figure 1. Main mechanisms of action of metronomic chemotherapy vs. standard chemotherapy.
bFGF, basic fibroblast growth factor; CEC, circulating endothelial cell; EPC, endothelial progenitor
cell; TSP-1, thrombospondin-1; Treg, regulatory T cell; VEGF, vascular endothelial growth factor.

Despite major improvements in treatment and cure rates, childhood cancer incidence
tends to increase with time worldwide [7]. To date, more than 400,000 children and
adolescents under the age of 20 are diagnosed with cancer, per year, with 80% survival in
most high-income countries, but less than 30% in low- and middle-income ones [8].

The implementation of MC in pediatric oncology, alone or in combination with other
approaches such as radiotherapy, MTD chemotherapy, immunotherapy, and targeted
agents, has mostly adjuvant, palliative, and maintenance purposes [9].

The main goal of administering a metronomic regimen to this specific patient popula-
tion is about improving the quality of life of the children themselves and of their parents
and caregivers. In fact, the best advantages of MC are low toxicity, oral administration and,
thus, the feasibility of a more comfortable, home-based treatment. MC avoids the need for
central venous access, contributing to a reduced risk of infection. Hematological, hepatic,
or renal adverse events, after metronomic therapy, are rare and thus minimal monitoring
and supportive care are necessary [10]. The lower costs, wide availability, and less need
for hospitalization due to MC represent additional benefits, especially in resource-limited
countries, where the majority of children with cancer live. As a result, a well-tolerated and
easy-to-take metronomic treatment represents a valid strategy as maintenance or adjuvant
therapy, when tumor masses are limited, or also in case of advanced disease with minimal
chance of survival [10].

In this review, we summarized the major preclinical and clinical studies involving the
use of MC in the most common pediatric tumors, with an overview of efficacy, toxicity,
pharmacokinetic profile, and biomarkers.

2. Methodology

The methodology search was conducted in the PubMed database using the terms listed
in Table 1, including both original articles and reviews written in the English language,
published from January 2000 to September 2022. Pivotal papers published before January
2000 were also included.
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Table 1. Main and secondary keywords used for the literary search.

Main Key Words Secondary a Key Words

Metronomic Preclinical study
Low dose Cell culture

Chemotherapy Animal model
Pediatric Clinical study

Childhood Randomized controlled trial
Cancer Observational study
Tumor Efficacy

Neoplasia Toxicity
Angiogenesis
Biomarkers

a Secondary key words were utilized in combination (by using “AND”) with the main key words. Main keywords
were combined by using “OR”, reported in left column.

3. Preclinical Activity of Metronomic Chemotherapy in Pediatric Tumor Models

All the described preclinical studies are summarized in Table 2.

3.1. Preclinical Models of Neuroblastoma

Neuroblastoma (NB) is an embryonic cancer arising from neural crest stem cells. It is
the most common malignancy in infants and the most common extracranial solid tumor in
children [11].

The first attempt to apply metronomic chemotherapy in these pediatric cancers was
from the group guided by Robert Kerbel at the University of Toronto [12]. The xenografts
of poor prognosis-related human neuroepithelioma (SK-N-MC, expressing multidrug
resistance-associated protein) and neuroblastoma (SK-N-AS, highly tumorigenic) cell lines,
implanted subcutaneously in CB-17 SCID mice, were continuously exposed to low doses of
vinblastine (1.5 mg/m2 i.p. every 3 days; about 1/4 of the MTD in humans and 1/16–1/20
of the MTD in mice), DC101 (a monoclonal neutralizing antibody targeting the VEGFR-2;
800 μg/mouse, i.p. every 3 days), or their combination. Either single treatment caused a
significant but short-term tumor regression, reduced tumor vascularization, and directly
inhibited the angiogenic process. Interestingly, the combination induced complete and
sustained tumor regression, without marked toxicity or appearance of drug resistance
during more than 6 months of treatment [12]. Indeed, blocking VEGF sensitized endothelial
cells to the cytotoxic effects of chemotherapy, especially when given at low doses, owing
to the downregulation of various antiapoptotic proteins typically induced by VEGF itself
(i.e., Bcl-2, XIAP, survivin) [13–15]. The microtubule-targeting agent vinblastine, given
at very low doses, has been found to damage specific functions of endothelial cells, and
thus angiogenesis, inducing a slight perturbance of the cytoskeleton, without evident
apoptosis [16]. Rapamycin is an mTOR inhibitor with immune-suppressor activities,
which directly inhibits tumor cell proliferation by arresting the cell cycle, and angiogenesis
through a decrease in the production of VEGF [17]. Moreover, it inhibits the in vitro
proliferation of human NB cells [18]. Marimpietri and colleagues [19] demonstrated the
synergistic antiangiogenic effect of the frequent, low-dose delivery of vinblastine and
rapamycin. Vinblastine (0.625–250 pM) and rapamycin (1.56–1000 pM), administered for
144 h (6 days) thrice a week, led to an in vitro antiproliferative effect on endothelial cells,
starting from a concentration of 1.25 pM and 3 pM, respectively. Interaction indices showed
a synergistic effect after the combination of these two agents at low doses in endothelial
cells. The inhibition of proliferation was also observed in endothelial cells previously
incubated with a conditioned medium from the human NB cell line HTLA-230. In the
chick embryo chorioallantoic membrane (CAM) in vivo assay, each drug administered
alone and, in particular, their combination inhibited the angiogenic effects induced by
HTLA-230-derived conditioned media, NB cell line-derived tumor xenografts, and human
NB biopsy specimens [19].
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Another interesting experimental approach to neuroblastoma was performed with the
camptothecin topotecan, a topoisomerase-I inhibitor. Metronomic topotecan (0.36 mg/kg,
i.p. 5 times a week) was administered either alone or in combination with a humanized
monoclonal anti-VEGF antibody (A4.6.1, 100 μg, i.p. twice a week) [20]. After 5 weeks of
treatment, metronomic topotecan significantly suppressed the growth of human NGP-GFP
neuroblastoma xenograft in athymic mice, compared with anti-VEGF treatment alone or
control animals. All treated mice showed reduced tumor vascularization as opposed to
the untreated ones at 6 weeks. However, tumor regrowth was observed in all treated mice
at 9 weeks (3 weeks after treatment withdrawal), and it was associated with pronounced
neo-angiogenesis. Interestingly, only the combination treatment was able to significantly
stop the regrowth, if compared to single anti-VEGF therapy. The cooperation of low-
dose chemotherapy with antiangiogenic drugs improved the efficacy and the extent of
neuroblastoma tumor suppression [20].

Topotecan at low, not cytotoxic, doses has been previously shown to block the upregu-
lation of hypoxia-inducible factor (HIF) -1α and -2α in NB cells in vitro [21]. Neuroblastoma
xenografts, established by Hartwich and colleagues [22] through the injection of unmodified
(CHLA-20 or NB-1691) or HIF-1α knockdown (SKNAS or NB-1691 shHIF-1α) NB cells into
the retroperitoneal space of CB-17 SCID mice, were treated for 2 weeks with bevacizumab
(5 mg/kg daily i.p.) or sunitinib (40 mg/kg daily by oral gavage) and low-dose topotecan
(0.5 mg/kg daily i.p.) alone or in combination. Interestingly, as previously established, the
introduction of low-dose topotecan to the bevacizumab and sunitinib-based antiangiogenic
therapy elicited a significant reduction in tumor growth compared to either treatment alone.
A similar outcome was detected in mice with HIF-1α knockdown tumors exposed to either
bevacizumab or sunitinib alone, demonstrating that metronomic topotecan acted mostly
via HIF-1α inhibition. Moreover, both antiangiogenic drugs caused a strong overexpression
of HIF-1α-dependent growth factors, such as VEGF and GLUT3, while the addition of
metronomic topotecan downregulated these two proteins [22].

MYCN amplification is the major genetic aberration which correlates with high-risk
NB disease and poor clinical outcome [23]. This aggressive phenotype has been also
associated with increased tumor neovascularization [24,25]. Taschner-Mandl and collabora-
tors [26] found that metronomic topotecan in vitro (5 nM for 3 weeks) selectively promoted
DNA damage and a tumor-inhibiting favorable senescence-associated secretory phenotype
(SASP) in aggressive MYCN-amplified neuroblastoma cells (i.e., STA-NB-10 and CLB-Ma).
In MYCN-amplified STA-NB-10 xenografts established in CD1:Foxn1nu/nu mice, continu-
ous low-dose topotecan (0.1 mg/kg/day i.p. for 6 or 15 weeks) led to tumor regression and
prolonged survival, with no evident toxicity. MYCN mRNA and protein expression was sig-
nificantly reduced both in vitro and in vivo by metronomic topotecan, which also decreased
VEGF-A expression and tumor vascularization [26]. Indeed, it has been demonstrated that
hypoxia halts senescence in normal and cancer cell lines [27]; thus, the downregulation of
HIF-1α by topotecan [28] may also contribute to the induction of senescence.

Kumar and colleagues [29] established both subcutaneous (s.c.) NB xenografts (i.e.,
SK-N-BE2 and SH-SY5Y) and metastatic NB models (BE2-c and NUB-7) in NOD/SCID
mice. In both in vivo modalities, the mice were treated with daily oral gavage of the antian-
giogenic tyrosine kinase inhibitor (TKI) pazopanib (150 mg/kg), metronomic topotecan
(1.0 mg/kg), or their combination. Low-dose topotecan plus pazopanib slowed tumor
growth in subcutaneous SK-N-BE2 and SH-SY5Y tumors and limited micro-metastases in
BE2-c and NUB-7 models. The in vitro proliferation assay showed no synergism between
topotecan and pazopanib after 72 h of exposure; therefore, the mechanism underlying the
effectiveness of the combination is probably related to the antiangiogenic activity. In fact, a
significant reduction in viable CECs and CEPs and tumor microvessel density has been
observed compared with control and single agents in SH-SY5Y xenografts [29].

In a following study of the same group, SK-N-BE2 xenograft–bearing mice were
treated with the same aforementioned treatment schedules for 28, 56, and 80 days. Only the
animals receiving metronomic topotecan plus pazopanib survived up to 80 days. Combined
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treatment significantly reduced microvessel density compared to control and monotherapy
groups. However, enriched pericyte coverage was evident only in tumors exposed to the
combination for 56 and 80 days. Additionally, the concomitant treatment upregulated the
expression of hypoxia and pro-angiogenic factors (i.e., HIF-1α and VEGF), as well as that
of Glut-1 and hexokinase II, which are markers of enhanced aerobic glycolysis [30].

Differently from the abovementioned combination studies, Zhang and colleagues
revealed a direct synergistic antiproliferative effect in ALKF1174L-mutated SH-SY5Y cells
when exposed for 6 days to increasing concentration of crizotinib, a double inhibitor of
c-MET and ALK receptor tyrosine kinases, in combination with metronomic topotecan [31].
Interestingly, the same authors did not observe any synergism in the MYCN-amplified
SK-N-BE2, KELLY, and LAN-5 cells, suggesting that MYCN is potentially involved in the
emergence of resistance to ALK inhibitors. In vivo, crizotinib (50 mg/kg) and metronomic
topotecan (1 mg/kg) were administered daily for 9 days by oral gavage, alone or in
combination, in ALKF1174L-mutated SH-SY5Y and KELLY mouse xenografts. The combined
treatment significantly delayed tumor growth derived from KELLY cells, whereas it induced
the complete regression of SH-SY5Y tumors [31].

Although metronomic topotecan and vinblastine are the chemotherapeutic drugs that
have been most frequently used in preclinical models of neuroblastoma, other metronomic
therapeutic approaches have been tested with metronomic cyclophosphamide (mCTX)
at the dose of 40 mg/kg/day p.o. in SH-SY5Y (chemotherapy-sensitive, non-MYCN-
amplified) and SK-N-BE2 (chemotherapy-resistant, MYCN-amplified) tumor xenografts.
Morscher and colleagues [32] observed a greater inhibition of tumor expansion in MYCN-
amplified mCTX-treated xenografts, as well as a considerable diminution of blood vessel
density and intratumoral bleeding. Moreover, they detected a decreased Bcl-2 expression
and elevated caspase-3 cleavage. In contrast, non-MYCN-amplified tumors showed up-
regulation of Bcl-2 and developed resistance [32]. Intriguingly, combining mCTX with a
calorie-restricted ketogenic diet [33] significantly enhanced the antitumor effects of this
therapeutic approach, resulting in tumor regression and the complete growth arrest of both
NB xenografts [32]. However, calorie restriction would not be recommended in most young
oncologic patients. Optimization of KD with 25% of 8-carbon medium-chain triglycerides
proved to increase the efficacy of mCTX therapy (oral dose of 40 and 13 mg/kg/day given
to SH-SY5Y- and SK-N-BE2-bearing mice, respectively), similarly to that achieved with
calorie-restricted KD. This combination induced a significant suppression of tumor growth
and prolonged survival, especially in SH-SY5Y xenografts. Furthermore, it caused an
obvious inhibition of angiogenesis in vivo and activation of AMPK in NB cells. These data
highlight that the metabolic stress, induced by dietary manipulation, selectively sensitized
the NB cells to low-dose chemotherapy [33].

3.2. Pediatric Brain Tumor Models

Pediatric cancers of the central nervous system (CNS) are the most common solid
tumors in children and the second most recurrent childhood malignancies. Medulloblas-
toma is an embryonal tumor of the posterior fossa, and it accounts for nearly 20% of all
pediatric brain tumors, making it the most common malignant brain tumor in children.
Almost 20% of all childhood gliomas are high-grade gliomas, and include anaplastic as-
trocytoma (AA), diffuse intrinsic pontine glioma (DIPG), and glioblastoma multiforme
(GBM). Ependymoma, representing around 8% to 10% of all childhood CNS tumors, is the
third most frequent brain tumor in children. Unlike adult patients with GBM, where the
standard of care is represented by the combination of temozolomide and radiotherapy [34],
there is currently no similar recommendation for chemotherapy in the management of
pediatric high-grade glioma [35].

PEX is a fragment of human metalloproteases-2 that has significant antimitotic, anti-
invasive, and antiangiogenic activities against human glioblastoma cells in vitro and
glioblastoma models in vivo [36]. The research of Bello and collaborators [37] suggested
that combining low and semicontinuous chemotherapeutic drugs for more than 120 days,
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such as carboplatin and etoposide (bolus at day 1 with 6 mg/kg carboplatin i.p. and
4 mg/kg etoposide i.p., followed by 2 mg/kg carboplatin + 2 mg/kg etoposide), with
PEX (2 mg/kg of PEX i.p. for 2 days, every 3 days) was more effective than chemother-
apy alone at a low dose, in the treatment of nude mice bearing intracranial human U87
glioblastoma xenografts. This regimen was accountable for better survival, substantial
reduction in tumor volume, vascularization and proliferation index, increased apoptosis,
and no complications [37].

Folkins and colleagues [5] focused their investigations on the effect of antiangiogenic
therapy on glioma tumor stem-like cells (TSLCs). Actually, there is evidence that brain
TSLCs are preserved, such as a neural stem cell, by a vascular niche, and consequently have
the possibility to stimulate tumor growth. The researchers treated athymic nude mice bear-
ing s.c. rat C6 glioma xenografts, with either anti-VEGFR-2 antibody DC101 (800 μg/mouse
i.p. every 3 days), low dose metronomic (LDM) cyclophosphamide (20 mg/kg/day p.o.
via the drinking water), MTD cyclophosphamide (100 mg/kg i.p. on days 1, 3, and 5 of a
21-day cycle), or combinatorial regimes. Antiangiogenic or cytotoxic therapy alone was
not sufficient to reduce the amount of glioma TSLCs. Interestingly, the combination of
LDM cyclophosphamide with the potent inhibition of angiogenesis by DC101 was the
best therapeutic option for the significant and selective elimination of TSLCs from glioma.
Therefore, antiangiogenic therapy acquires a potential new role in chemo-sensitizing TSLCs,
in order to improve the effectiveness of chemotherapy [5].

Topotecan has shown to inhibit HIF-1α protein amassing in human cancer cell lines [28]
independently of replication-mediated DNA damage, suggesting the existence of an alter-
native mechanism of action to the cytotoxic one. In their study, Rapisarda and colleagues
showed that low concentrations of topotecan delivered on a daily, but not intermittent,
schedule (1 mg/kg, 10 total doses) caused a sustained inhibition of tumor progression in hu-
man U251-HRE glioblastoma xenografts. Topotecan exerted its antitumor activity through
the prominent diminution of the HIF-1α protein amount, angiogenesis, and expression of
genes targeted by HIF-1 in the tumor mass, compared to untreated controls [38].

In a subsequent work, the same investigators found that combining a very low dose
of topotecan (0.5 mg/kg once a day, for 10 days) with bevacizumab significantly sup-
pressed glioblastoma growth, as opposed to either agent alone. Whereas bevacizumab
alone induced the expression of HIF-1-dependent genes, the addition of topotecan clearly
abrogated HIF-1 transcriptional activity in the tumor microenvironment, and significantly
inhibited proliferation and induced apoptosis of tumor cells [39].

The alkylating agent temozolomide is one of the most successful chemotherapeutic
drugs against glioblastoma, but its antitumor activity is often limited by the onset of resis-
tance. Kim and collaborators showed that C6/LacZ rat glioma cells were more resistant
to LDM temozolomide (1–100 μM daily for 144 h), with a ~10-fold greater IC50 value than
U-87MG human glioblastoma cells. In an orthotopic SD rat model of C6/LacZ glioma, LDM
temozolomide (2 mg/kg p.o. daily for 16 days) significantly hampered tumor growth and
angiogenesis and promoted apoptosis, compared to the conventional schedule (7 mg/kg for
5 days). In an orthotopic nude mouse xenograft of U-87MG glioblastoma, despite no signifi-
cant changes in tumor volume between conventional and metronomic regimens, the periodic
administration of temozolomide even at a very low dose (0.25 mg/kg daily for 25 days)
markedly reduced the microvessel density. In summary, LDM temozolomide demonstrated
a striking antiangiogenic effect, either in resistant or sensitive glioma models, suggesting
the possibility to overcome resistance in standard temozolomide chemotherapy [40].

Banissi and colleagues studied the impact of LDM versus standard temozolomide
regimens on the regulatory T cell (Treg) fraction in Fischer rats bearing an s.c. temozolomide-
resistant RG2 glioma tumor. Temozolomide significantly decreased the Treg/CD4+ T cell
proportion when given at very low doses (0.5 or 2 mg/kg/die, 5 days per week for 21 days),
but not at high doses (30 mg/kg/die for 5 days, or 10 mg/kg/die, 5 days per week for
21 days). Such Treg exhaustion was marked among the splenic lymphocyte population,
and it was almost significant among the tumor-infiltrating lymphocytes. However, Treg
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depletion alone, detected in LDM temozolomide-treated rats, was not sufficient to signifi-
cantly inhibit tumor progression as well, in comparison with control animals. In conclusion,
LDM, but not conventional, schedules of temozolomide showed selective cytotoxicity to
the circulating Tregs population [6].

Morphine is the most used drug for pain management in oncological patients. The
preclinical studies investigating the effect of opioid receptor agonists on the proliferation,
migration, and invasion of cancer cells, as well as their immunosuppressive and proan-
giogenic activities, show conflicting results. It is presumed that the activation of μ-opioid
receptor (MOP) and Toll-like receptor 4 receptors may contribute to tumor growth and
progression, while the activation of κ-opioid receptor may promote anticancer and antian-
giogenic effects [41]. It has been highlighted that methadone, an agonist of MOP, increased
the sensitivity of wild-type leukemic cells, but not MOP-depleted cells, to L-asparaginase
treatment. Therefore, MOP was necessary for the synergistic action of L-asparaginase
and methadone, and MOP loss promoted leukemic cell survival likely through the down-
regulation of the MOP-mediated apoptotic pathway [42]. For the first time, Iorio and
colleagues demonstrated that morphine acts as an inhibitor of P-glycoprotein, an ATP-
binding cassette transporter overexpressed in the endothelial cells of the blood brain barrier
and involved in resistance to many chemotherapeutic drugs (i.e., temozolomide). There-
fore, morphine might increase the effects of chemotherapy on brain tissue. The authors
showed that LDM temozolomide (1.77 mg/kg/day) was effective, from the beginning of
the treatment, in hampering the growth of an orthotopic human U87MG-luc2 glioblastoma
xenograft, implanted intracranially in Foxn1 nude mice. Noteworthy, combining temozolo-
mide (1.77 and 0.9 mg/kg/day, for a total of 5 weeks) with weekly morphine enhanced
the antitumor efficacy and the long-term response to the metronomic regimens in this
glioblastoma model [43].

Chen and colleagues described a peculiar metronomic schedule, named MEDIC
(medium-dose intermittent chemotherapy), consisting of an immunogenic chemother-
apeutic agent (i.e., cyclophosphamide), given at a concentration between a daily low dose
(i.e., 20–25 mg/kg) and an MTD dose (i.e., 150–170 mg/kg × 2 or 3 consecutive days, every
21 days), with a medium-term drug-free break and low systemic toxicity. The MEDIC
regimen, in addition to the direct cytotoxic effect on tumor cells, can trigger a prolonged
antitumor immune response [44].

In murine s.c. models of rat 9L gliosarcoma, mouse GL261 glioma, and human U251
glioblastoma, cyclophosphamide (140 mg/kg i.p.), given on an intermittent metronomic
schedule (every 6 days), activated robust and persistent immune responses, as well as
induced a striking and extended tumor regression, even with the lack of an evident an-
tiangiogenic effect. Conversely, the MTD regimen caused temporary immune responses,
concurrently with appreciable tumor re-growth [44–46]. Interestingly, the MEDIC protocol
was also more effective than the corresponding daily low-dose metronomic regimen [44]. In
addition, it stimulated a strong CD8+ T cell response leading to tumor disappearance and
the gain of immune memory in an immunocompetent, syngeneic s.c. GL261 glioma [47].
Suppression of immune activity occurred if the drug-free interval lasted more than 6 days,
as indicated by a significant increase in Foxp3+ Treg cells within the tumor and decreased
expression of the cytotoxic immune mediator perforin [47].

Ferrer-Font and collaborators [48] aimed to assess if the every 6-day metronomic
regimens of cyclophosphamide (140 mg/kg) or temozolomide (140, 200, and 240 mg/kg)
were also effective in an immunocompetent orthotopic GL261 mouse model. They found
a longer survival rate in mice treated with both regimes than in control animals. The
best results were obtained with 140 mg/kg temozolomide, which resulted in the best
dosing in the reduction in tumor volume and improved survival, and in comparison with a
previously tested non-metronomic schedule of this drug (60 mg/kg for three cycles on days
11–15, 19–20, and 24–25) [49]. However, in contrast with the results described by Wu and
Waxman, no tumor eradication was achieved in this model, highlighting the existence of
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relevant differences in the tumor environment between ectopic and orthotopic glioblastoma
xenografts, which may influence the response to metronomic chemotherapy [47].

It has been demonstrated that there is an immunomodulatory—dosing dependent—
effect of temozolomide, which could impact the response to immunotherapy. In GL261 and
KR158 murine intracranial glioma models, the standard (50 mg/kg × 5 days), but not metro-
nomic (25 mg/kg × 10 days), regimen of temozolomide led to overexpression of exhaustion
markers (i.e., TIM-3 and LAG-3) on peripheral and tumor-infiltrating T cells and to an in-
crease in immunosuppressive cells. Interestingly, the addition of metronomic temozolomide
to PD-1 immune checkpoint inhibition preserved the survival benefit gained with anti-PD-1
therapy alone in the GL261 model, while it was abolished by standard temozolomide. There-
fore, these findings suggest metronomic dosing of temozolomide as a preferential strategy
in chemoimmunotherapy regimens for the management of glioblastoma [50].

3.3. Soft Tissue and Bone Sarcoma Models

Soft tissue sarcomas represent 7.4% of cancer cases in children younger than 20 years
of age. Rhabdomyosarcoma is the most common (50%) soft tissue sarcoma among children
less than 14 years old [51]. Ewing sarcoma and osteosarcoma are the two most commonly
diagnosed bone cancers in pediatric patients [52].

Continuous low-dose doxorubicin (1.2 mg/kg, twice weekly for 4 weeks) was found
to modestly inhibit the tumor growth of human rhabdomyosarcoma RD s.c. xenografts,
well-established in SCID mice, corresponding to 46.5% of that achieved with the standard
treatment (6 mg/kg once every 2 weeks). Moreover, the development of human leiomyosar-
coma SKLMS-1 s.c. tumors was not halted by metronomic doxorubicin. However, the
combination of low-dose doxorubicin and DC101 at a lower concentration (400 μg/dose
every 3 days for a total of seven times) markedly reduced the volume of both SKLMS-1 and
RD tumors, compared to either agent alone. Microvessel counts were significantly lower
in combination-treated mice, compared to either agent alone, and no further toxicity was
detected as opposed to low-dose doxorubicin alone. Moreover, DC101 plus doxorubicin
exerted a direct additive inhibitory effect on endothelial cell functions (i.e., migration,
proliferation, tube-like formation) in vitro and enhanced apoptosis of endothelial cells,
through caspase-3 activation. These results support antiangiogenic activity as one of the
main mechanisms for the antitumor effect of combined low-dose treatment with DC101
and doxorubicin [53].

Osteosarcoma UMR 106-bearing SD rats were treated, for a period of 8 weeks, with:
(i) a conventional schedule including a high dosage of methotrexate (1.35 g/kg i.v., 6 h
infusion, once weekly, at week 0, 1, 5 and 6), adriamycin and cisplatin (10 mg/kg and
20 mg/kg, respectively; once weekly, at week 2 and 7); (ii) a metronomic schedule of low-
dose methotrexate (1.2 mg/kg i.v., bolus, twice a week); and (iii) a combination schedule of
metronomic and conventional chemotherapy, with low-dose methotrexate administered
at week 3, 4, and 8 of the conventional scheduling. After the first 6 weeks of treatment, in
which the rate of tumor inhibition was similar for all three regimens, only the combination
showed a protracted inhibitory effect on tumor growth. Anyway, the metronomic protocol
had a better effect compared to the conventional one. Furthermore, both metronomic and
combination schedules showed a much lower VEGF-A expression than the conventional
group, which may support a greater antiangiogenic effect [54].

3.4. Pediatric Retinoblastoma Models

The standard chemotherapy for retinoblastoma, the most common intraocular can-
cer of childhood [55], includes intravenous or local intravitreal injections of melphalan,
carboplatin, and topotecan, which unfortunately induce retinal toxicity [56].

Both commercial (Y79 and WERI-RB1) and patient-derived retinoblastoma cell lines
(HSJD-RBT-7 and HSJD-RBT-8) together with human vascular endothelial cells (HUVEC
and EPC) were exposed to increasing concentrations of melphalan or topotecan in a conven-
tional (0.001–1000 μM or 0.001–10.000 nM, respectively, single 72 h exposure) or metronomic
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(0.0001–100 μM or 0.0001–1000 nM, respectively, 7-day continuous exposure) treatment pro-
tocol. The continuous administration of melphalan and topotecan increased the sensitivity
of retinoblastoma and endothelial cell lines with significant lower IC50 values (i.e., 18.4-
and 12.3-fold for topotecan and 8.3- and 13.5-fold for melphalan in Y79 and WERI-RB1,
respectively) compared to conventional treatment. The cytotoxic effect of metronomic
chemotherapy was more evident in commercial cell lines compared to the patient-derived
HSJD-RBT-8 cells. Furthermore, the heavily pretreated HSJD-RBT-8 cells had enhanced
chemosensitivity to the metronomic schedule (3 to 4-fold decreased IC50) compared to
conventional dosing, while no change was evident for naïve HSJD-RBT-7 cells, suggesting
a possible mechanism to overcome resistance. Both treatment regimens led to cell death
through apoptosis and/or necrosis in all cell lines. Moreover, metronomic topotecan or
melphalan significantly inhibited in vitro tube formation in HUVEC and EPC compared to
control cells. In athymic nude mice harboring a Y79 retinoblastoma xenograft, low-dose
topotecan (0.6 mg/kg i.p., 5 days a week for 2 weeks) determined significantly lower tumor
volumes compared to the MTD protocol (3 mg/kg i.p., once a week for 2 weeks) and the
control group after 14 days of treatment, with a similar toxicity profile and no weight loss.
These results highlighted the dual cytotoxic/antiangiogenic, schedule-dependent effect of
chemotherapy in retinoblastoma preclinical models. [57].

3.5. Acute Lymphoblastic Leukemia Models

Acute lymphoblastic leukemia (ALL) is the most common pediatric malignancy, rep-
resenting 75%–80% of acute leukemias among children, with a median age at diagnosis of
15 years [58]. Glucocorticoid (GC) resistance represents a crucial challenge in treating ALL;
therefore, there is an urgent need for new therapeutic strategies to enhance chemosensitivity,
which may also allow for reduction in the intensity and toxicity of standard chemotherapy [59].

It has been demonstrated that a low, subtoxic concentration of arsenic trioxide (0.25 μM)
significantly increased in vitro dexamethasone sensitivity of 3 different GC-resistant ALL
cell lines (CEM-C1-15, Jurkat, and MOLT-4), as well as T-ALL and precursor B-ALL cells
from pediatric patients with poor response to prednisone. The effect of this combination
was explained in part by a reduction in Akt phosphorylation and following alteration of
downstream Akt targets such as an increase in Bad, a proapoptotic Bcl-2 family member,
and a decrease in the X-linked inhibitor of apoptosis protein (XIAP). These results indicate
that a combination of low-dose arsenic trioxide with glucocorticoids may be a valuable
approach to reverse GC resistance and improve prognosis in ALL pediatric patients [60].

Next, 2-deoxy-D-glucose (2-DG) is a glucose analogue that inhibits the proliferation of
cancer cells through the inhibition of glycolysis and N-linked glycosylation [61]. Recently,
Gu and co-workers showed that a low, nontoxic dose of 2-DG (1 mM for 48 h) was able to
induce apoptosis and cell-cycle arrest and to overcome GC resistance in ALL cells under
normoxia. In fact, low-dose 2-DG combined with dexamethasone (1 μM) recovered the
sensitivity of GC and produced a strong synergistic cytotoxic effect in GC-resistant Molt-4
(T lineage) and Raji (B lineage) cells. Interestingly, these effects were achieved mainly by
blocking N-Linked glycosylation and inducing endoplasmic reticulum stress [62].

L-asparaginase (L-ASNase) is a critical anticancer agent used in the treatment of
ALL and some types of non-Hodgkin’s lymphoma, including natural killer (NK)-cell
lymphoma [63]. Many leukemia or lymphoma cells rely on the supply of the amino acid
asparagine (Asn) from plasma, due to a deficiency of l-asparagine synthetase [64]. L-
ASNase hydrolyzes L-Asn to L-aspartic acid, therefore, lowering the level of plasma Asn,
which leads leukemic cells to apoptosis [65]. L-ASNase also shows some glutaminase
(GLS) activity, that converts the circulating glutamine (Gln) to glutamate and ammonia,
thus reducing Gln intracellular uptake. Interestingly, low doses (0.01 U/mL for 24 h)
of L-ASNase induced Asn depletion and effectively killed Asn-dependent NK-YS cells,
whereas clinically achievable intermediate doses (1 U/mL for 24 h) caused Gln depletion
and robust apoptosis in Gln-dependent ALL Jurkat and mantle cell lymphoma Jeko cell
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lines. In addition, the high expression of glutaminase GLS1 was found to be related to
increased sensitivity to L-ASNase in pediatric B lineage ALL [66].

3.6. Metronomic Combined Schedules in Multiple Pediatric Tumor Models

Zhang and collaborators revealed that low-dose topotecan (20 nmol/L) significantly
enhanced the cytotoxic effect of the hypoxia-activated prodrug (HAP) evofosfamide on
a wide range of neuroblastoma and rhabdomyosarcoma cell lines, in in vitro 72 h expo-
sure experiments. Aggressive neuroblastoma (CHLA-20 and SK-N-BE(2)), rhabdomyosar-
coma (RH4 and RD) s.c. xenografts, and the neuroblastoma SK-N-BE(2) metastatic model
were subsequently treated with evofosfamide, (50 mg/kg daily i.p., 5 days/week), LDM
topotecan (1 mg/kg daily by oral gavage, 5 days/week), and their combination. In every
neuroblastoma and rhabdomyosarcoma xenograft, the combined treatment resulted in a
better antitumor effect than both monotherapies and induced complete tumor regression
after 2 weeks of treatment. The combination also improved survival in the SK-N-BE(2)
metastatic model (median survival of 46 days), compared to either agent alone. There was
no serious toxicity related to therapy in any of the experimental models. Interestingly,
in RH4 xenografts, evofosfamide induced apoptosis of tumor cells localized mostly in
hypoxic regions, while topotecan targeted tumor cells mainly within normoxic areas. Thus,
administering evofosfamide with LDM topotecan allowed it to kill tumor cells in both
normoxic and hypoxic regions, explaining the higher efficacy of the combination regimen
in all tumor models [67].

Talazoparib is a potent, selective PARP1/2 inhibitor and shows strong PARP trapping
activity, which means it firmly traps PARP1 to the sites of DNA single-strand breaks [68,69].
Methylating agents (i.e., temozolomide) are extremely useful at prompting single-strand
breaks that could become substrates for PARP trapping [70]. Thus, Smith and collaborators
evaluated the in vitro 96 h exposure of temozolomide (0.3–1000 μmol/L) in the presence of
talazoparib (10 nmol/L), which resulted in a marked potentiation of temozolomide toxic-
ity in Ewing sarcoma (50-fold) and ALL (30-fold) cell lines. In vivo, several pediatric s.c.
xenograft models (including Ewing sarcoma, Wilms tumor, rhabdomyosarcoma, osteosar-
coma, neuroblastoma, brain tumors) were treated with temozolomide (30 mg/kg/day for
5 days) and talazoparib (0.25 mg/kg twice daily for 5 days) alone or in two different com-
binations: high-dose temozolomide (30 mg/kg/day for 5 days) + talazoparib (0.1 mg/kg
twice daily for 5 days), or low-dose temozolomide (12 mg/kg/day for 5 days) + talazoparib
(0.25 mg/kg twice daily for 5 days). Toxicity was comparable for both combinations.
Unlike single treatments, both combinations exhibited significant antitumor effects and
induced total tumor regression in 5 out 10 Ewing xenografts tested (TC-71, CHLA-258,
SKNEP-1, ES-4, and ES-7), within 6 weeks of treatment. Combined treatments were also
successful against pediatric preclinical models with low MGMT expression (i.e., GBM2
glioblastoma and Rh28 rhabdomyosarcoma), responsive to temozolomide, and those with
a defective homologous recombination, responsive to talazoparib (i.e., KT-10 Wilms tumor).
In conclusion, administering an efficacious PARP trapping concentration of talazoparib
plus low-dose temozolomide is a promising strategy for translation to the pediatric clinical
setting [71].

Pawlik and co-workers [72] found IC50 values (~2 nM) for medulloblastoma Daoy
cells exposed to topotecan for a total of 6 days, in three different ways of delivering:
continuous, for 8 h daily, or for 8 h every other day. In contrast, topotecan IC50 increased
with extending the drug-free time in Rh30 rhabdomyosarcoma cells (3.9, 8.7, and 12.4 nM,
respectively). In vivo experiments confirmed in vitro results. Rh30 xenografts regressed
completely when treated with topotecan 0.6 mg/kg i.v. daily (dx5), whereas no growth
delay was observed with 1.0 mg/kg every other day (for 2 weeks, repeated every 21 days
for 3 cycles). Increased doses of topotecan 2 mg/kg daily and 3.3 mg/kg every other day,
which produced comparable antitumor activity, were needed to obtain complete tumor
regression of the less sensitive in vivo Daoy models. These results clearly show that the
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antitumor effect of topotecan was extremely schedule-dependent in Rh30, but not in Daoy
cells and xenograft models.

Table 2. Preclinical studies of metronomic chemotherapy in pediatric tumor models.

Metronomic Regimen Preclinical Tumor Model Results Reference

Neuroblastoma

Vinblastine (1.5 mg/m2 i.p.
every 3 days), anti-VEGFR-2

antibody DC101 (800 μg/mouse,
i.p. every 3 days), or

combination, for >6 months

Human SK-N-MC
neuroepithelioma and SK-N-AS

neuroblastoma cell lines
implanted s.c. in CB-17 SCID

mice, aged 4 to 6 weeks

Combined treatment induced
complete and sustained tumor

regression, without marked
toxicity or appearance of

drug resistance.

Klement et al. [12]

Topotecan (0.36 mg/kg, i.p.
5x/week), anti-VEGF antibody

A4.6.1 (100 μg, i.p. twice a week),
or combination for a total of

5 weeks

Human NGP-GFP
neuroblastoma xenograft in

female NCR athymic mice, aged
4 to 6 weeks

LDM topotecan either with or
without anti-VEGF antibody
significantly suppresses NB

xenograft growth.
All treated mice showed reduced

tumor vascularization.
Only combined treatment

significantly stopped
the regrowth.

LDM topotecan increased
apoptosis of neuroblastoma cells.

Kim et al. [20]

Vinblastine (0.625–250 pM) and
rapamycin (1.56–1000 pM),

administered for 144 h, thrice
a week

In vitro ECs (HUVEC and
EA.hy926) and ECs preincubated
with CM from the human NB cell

line HTLA-230.
In vivo CAM assay with
HTLA-230-derived CM,

HTLA-230-derived tumor
xenografts, and human NB

biopsy specimens

Significant antiproliferative effect
in ECs preincubated with

HTLA-230 CM after combination
at low doses.

Combination of 50 pM
vinblastine and 0.5 nM

rapamycin was synergistic in
arresting the cell cycle and
increased apoptosis of ECs.
The combination markedly

inhibited the angiogenic effects
induced in vivo in the CAM

assay.

Marimpietri et al. [19]

Topotecan (0.5 mg/kg daily i.p.),
bevacizumab (5 mg/kg daily i.p.)

or sunitinib (40 mg/kg daily
p.o.), or combination, for 2 weeks

Unmodified CHLA-20 and
NB-1691, and

shHIF-1α-modified NB-1691 and
SKNAS neuroblastoma cell lines
injected into the retroperitoneal

space of CB-17 SCID mice

Combined LDM treatment
significantly reduced tumor

growth and downregulated the
expression of VEGF and GLUT3.

Hartwich et al. [22]

In vitro: topotecan (5 nM,
2×/week for 3 weeks)

In vivo: topotecan
(0.1 mg/kg/day i.p. for 6 or

15 weeks)

In vitro WT or MYCN-amplified
neuroblastoma cell lines (i.e.,

STA-NB-10 and CLB-Ma).
In vivo STA-NB-10 xenografts

established in female CD1:
Foxn1nu/nu mice, 6 to

10 weeks old

Induction of DNA-damage and a
tumor-inhibiting favorable SASP
selectively in MYCN-amplified

cells in vitro.
Tumor regression and prolonged
survival, with no evident toxicity

in vivo.
Significant reduction of MYCN
mRNA and protein expression

both in vitro and in vivo
Decreased VEGF-A expression

and tumor vascularization
in vivo.

Taschner-Mandl et al.
[26]
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Metronomic Regimen Preclinical Tumor Model Results Reference

Cyclophosphamide (mCTX,
40 mg/kg/day, p.o. through the

drinking water), calorie
restricted KD, optimized KD,

or combination

Non-MYCN-amplified SH-SY5Y
and MYCN-amplified

SK-N-BE(2) NB cell lines injected
s.c. in female CD1 nude mice,

aged 5 to 6 weeks

mCTX induced greater tumor
inhibition in MYCN-amplified

xenografts, diminution of blood
vessel density, and intratumoral

bleeding, decreased Bcl-2
expression, and increased

caspase-3 cleavage.
Combining mCTX with calorie
restricted KD resulted in tumor
regression and complete growth

arrest of both NB xenografts.
Combining mCTX with

optimized KD resulted in
significant tumor growth

suppression and prolonged
survival, especially in SH-SY5Y

xenografts, and inhibition
of angiogenesis.

Morscher et al. [32]
Aminzadeh-Gohari

et al. [33]

Topotecan (1.0 mg/kg/day p.o.),
pazopanib (150 mg/kg/day p.o.),

or combination

SK-N-BE(2) and SH-SY5Y s.c.
(into inguinal fat pad) NB

xenografts, BE(2)-c and NUB-72
metastatic (into lateral tail vein)

NB xenografts in
NOD/SCID mice

Combined treatment slowed
tumor growth in SK-N-BE(2) and

SH-SY5Y models, and limited
micrometastasis in BE(2)-c and

NUB-7 models.
Significant reduction in viable

CECs and CEPs and tumor
microvessel density in
SH-SY5Y xenografts.

Kumar et al. [29]

Topotecan (1.0 mg/kg/day p.o.),
pazopanib (150 mg/kg/day p.o.),

or combination
for 28, 56, and 80 days

SK-N-BE(2) s.c.
xenograft–bearing NOD/SCID

mice, 4 to 8 weeks old

Only the animals receiving the
combination survived up to

80 days.
All three durations of combined
treatment significantly reduced

microvessel density.
Higher proliferative and mitotic

indices after 28 days of
combined treatment.

Kumar et al. [30]

In vitro: crizotinib, LDM
topotecan, or combination (ratio
20:1, 0,01–10 μM) continuously

for 6 days
In vivo: topotecan

(1 mg/kg/day p.o.), crizotinib
(50 mg/kg/day p.o.) for 9 days

In vitro ALKF1174L-mutated
SH-SY5Y cell line and

MYCN-amplified SK-N-BE(2),
KELLY, and LAN-5 cell lines.
In vivo ALKF1174L-mutated

SH-SY5Y and KELLY xenografts
in female NOD/SCID mice, 4 to

6 weeks old.

Combined treatment resulted in
a synergistic antiproliferative
effect only in SH-SY5Y cells
in vitro and a significantly

delayed tumor growth of KELLY
xenografts, and complete

regression of SH-SY5Y tumors
in vivo.

Zhang et al. [31]

Brain tumor

Bolus at day 1 with 6 mg/kg
carboplatin i.p. and 4 mg/kg

etoposide i.p., followed by
2 mg/kg carboplatin + 2 mg/kg
etoposide and 2 mg/kg of PEX

i.p. for 2 days, every 3 days.
Treatment duration ≥ 120 days

Intracranial human U87
glioblastoma xenografts in

5-week-old Swiss male
nude mice

This combination was more
effective than chemotherapy

alone and induced better
survival, substantial reduction in
tumor volume, vascularization

and proliferation index,
increased apoptosis, and

no complications.

Bello et al. [37]
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DC101 (800 μg/mouse i.p. every
3 days), LDM cyclophosphamide

(20 mg/kg/day p.o. via the
drinking water), MTD

cyclophosphamide (100 mg/kg
i.p. on days 1, 3, and 5 of a

21-day cycle), and
their combinations

Athymic nude mice bearing s.c.
rat C6 glioma xenografts

The combination of LDM
cyclophosphamide with potent

inhibition of angiogenesis by
DC101 caused a significant and
selective elimination of TSLCs

from the glioma.

Folkins et al. [5]

Low-dose topotecan (1 mg/kg
daily, 10 total doses)

Female athymic nude (NCr/nu)
mice bearing human U251-HRE

glioblastoma xenografts

Sustained inhibition of xenograft
tumor progression, with

prominent diminution of HIF-1α
protein amount, angiogenesis,

and expression of genes targeted
by HIF-1 in tumor mass

Rapisarda et al. [38]

Very low-dose topotecan
(0.5 mg/kg daily, for 10 days)

+ bevacizumab

Female athymic nude (NCr/nu)
mice bearing human U251-HRE

glioblastoma xenografts

The combination significantly
suppressed glioblastoma growth.

Addition of topotecan clearly
abrogated HIF-1 transcriptional

activity in the tumor
microenvironment, significantly

inhibited proliferation, and
induced apoptosis.

Rapisarda et al. [39]

In vitro: LDM TMZ (1–100 μM
daily for 144 h)

In vivo rat model: conventional
TMZ (7 mg/kg p.o. for 5 days)

vs. LDM TMZ (1 or 2 mg/kg p.o.,
every day for 16 days)
In vivo mouse model:

conventional TMZ (2.5 or
1.25 mg/kg p.o., for 5 days) vs.
LDM TMZ (0.5 and 0.25 mg/kg

p.o., daily for 25 days)

In vitro C6/LacZ rat glioma cells
and U-87MG human

glioblastoma cells.
In vivo male Sprague-Dawley
(SD) rats (200–250 g) bearing

intracranial C6/LacZ glioma and
male Balb/c-nu mice (6 weeks)

bearing intracranial
U-87MG glioblastoma

In vitro C6/LacZ rat glioma cells
were more resistant to LDM
TMZ than U-87MG human

glioblastoma cells.
In the orthotopic C6/LacZ
glioma model, LDM TMZ

significantly hampered tumor
growth and angiogenesis and

promoted apoptosis, compared
to the conventional schedule. In

the orthotopic U-87MG
xenograft, TMZ even at a very
low dose (0.25 mg/kg daily for
25 days) markedly reduced the

microvessel density.

Kim et al. [40]

LDM TMZ (0.5 or 2 mg/kg/die
p.o., 5 days per week for 21 days)

vs. standard TMZ
(30 mg/kg/die p.o. for 5 days, or
10 mg/kg/die, 5 days per week

for 21 days)

TMZ-resistant RG2 glioma cells
implanted s.c. in Fischer rats

TMZ significantly decreased the
Treg/CD4+ T cell proportion
when given at very low doses
but not at high standard doses.

Treg depletion alone, detected in
LDM TMZ-treated rats, was not
sufficient to significantly inhibit
tumor progression, compared

to control.

Banissi et al. [6]

LDM TMZ (1.77 and
0.9 mg/kg/day, for a total of
5 weeks) + weekly morphine

Orthotopic human U87MG-luc2
glioblastoma xenograft,

implanted intracranially in
Foxn1 nude mice

Addition of morphine enhanced
the antitumor efficacy and the

long-term response to the TMZ
metronomic regimens.

Iorio et al. [43]
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MEDIC (medium-dose
intermittent chemotherapy)

Cyclophosphamide (140 mg/kg
i.p., every 6 day)

SCID mice bearing s.c.
xenografts of rat 9L gliosarcoma,

mouse GL261 glioma, and
human U251 glioblastoma

The MEDIC schedule activated
robust and persistent immune
responses, as well as induced a

striking and extended tumor
regression.

More effective than the
corresponding daily low-dose

metronomic regimen.
Induction of a strong CD8+ T cell

response leading to tumor
disappearance and gain of

immune memory in the GL261
glioma xenograft.

Chen et al. [44]
Doloff et al. [45]
Wu et al. [46,47]

Every 6-day metronomic
cyclophosphamide (140 mg/kg)
or temozolomide (140, 200, and

240 mg/kg)

Orthotopic GL261 glioma model
in immunocompetent

C57BL/6 mice

Longer survival rate in mice
treated with both regimes than in

control animals.
In total, 140 mg/kg

temozolomide was the best
dosing in reduction of tumor

volume and improving survival.
No tumor eradication

was achieved.

Ferrer-font et al. [48]

Metronomic TMZ
(25 mg/kg × 10 days) vs.

standard TMZ
(50 mg/kg × 5 days) +

immunotherapy

GL261 and KR158 intracranial
glioma models in C57BL/6 mice

Addition of metronomic TMZ to
PD-1 immune checkpoint

inhibition preserved the survival
benefit gained with anti-PD-1

therapy alone in the GL261
model, while it was abolished by

standard temozolomide.

Karachi et al. [50]

Soft tissue sarcoma

MTD doxorubicin (6 mg/kg once
every 2 weeks), LDM

doxorubicin (1.2 mg/kg, twice
weekly for 4 weeks), DC101

(400 μg/dose every 3 days for a
total of seven times),

or combination

Female SCID mice (weight 18–22
g) harboring human RD
rhabdomyosarcoma and

SKLMS-1 leiomyosarcoma
s.c. tumors

LDM doxorubicin alone was less
effective than MTD doxorubicin.

The combination of LDM
doxorubicin and DC101

markedly reduced the volume of
both SKLMS-1 and RD tumors,

and the microvessel count,
without overt toxicity.

Zhang et al. [53]

Bone sarcoma

MTD methotrexate (1.35 g/kg
i.v., 6 h infusion, once weekly, at
week 0, 1, 5, and 6), adriamycin

and cisplatin (10 mg/kg and
20 mg/kg, respectively; once

weekly, at week 2 and 7), LDM
methotrexate (1.2 mg/kg i.v.,

bolus, twice a week),
combination of MTD and LDM
schedules, for a total of 8 weeks

5-week-old SD rats bearing s.c.
UMR 106 tumors

After the first 6 weeks of
treatment, only the combination
showed a protracted inhibition

of tumor growth.
Both MTD and combination

schedules showed a much lower
VEGF-A expression.

Zhu et al. [54]
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Retinoblastoma

In vitro: melphalan or topotecan
in a conventional (0.001–1000 μM
or 0.001–10.000 nM, respectively)

single 72 h exposure vs.
metronomic (0.0001–100 μM or
0.0001–1000 nM, respectively)

7-day continuous exposure
In vivo: topotecan LDM

topotecan (0.6 mg/kg i.p., 5 days
a week) for 2 weeks) vs. MTD
(3 mg/kg i.p., once a week) for

2 weeks

In vitro: commercial Y79 and
WERI-RB1 and patient-derived
HSJD-RBT-7 and HSJD-RBT-8

retinoblastoma cell lines.
HUVEC and EPC human
vascular endothelial cells

In vivo: Y79 retinoblastoma s.c.
xenografts in female athymic
nude mice, weighing 18–22 g

Continuous administration
increased the sensitivity to

chemotherapy of retinoblastoma
and endothelial cells.

The heavily pretreated
HSJD-RBT-8 cells had enhanced

chemosensitivity to the
metronomic schedule compared

to the conventional one.
Both treatment regimens led to

cell death through apoptosis
and/or necrosis in all cell lines.

Metronomic schedules
significantly inhibited in vitro

tube formation in
endothelial cells.

LDM topotecan significantly
lowered tumor volumes

compared to the MTD protocol
and control group, with a similar

toxicity profile and no
weight loss.

Winter et al. [57]

Acute lymphoblastic leukemia

Dexamethasone (0.1, 1, and
7.6 μM) alone or in combination
with low-dose arsenic trioxide

(0.25 μM) for 72 h

GC-resistant ALL cell lines
(CEM-C1-15, Jurkat, and

MOLT-4), T-ALL, and precursor
B-ALL cells from pediatric

patients with poor response
to prednisone

Low-dose arsenic trioxide
significantly increased in vitro

dexamethasone sensitivity. This
combination reduced Akt
phosphorylation, which is

associated with an increase in
Bad and decrease in

XIAP protein.

Bornhauser et al. [60]

The 2-DG (0.2 to 10 mM) alone
and in combination with

dexamethasone (1 μM) for 24 h
and 48 h

T-ALL cell lines: Molt-4 (GC
resistance), Jurkat (GC
resistance); CEM-C1-15

(GC resistance),
CEM-C7-14(GC sensitive)

B-ALL cell lines: Nalm-6 (GC
sensitive), RS4:11 (GC sensitive)
Burkitt lymphoma cell line: Raji

(B-lineage, GC resistance)

Low-dose of 2-DG (1 mM) for
48 h induced apoptosis and

cell-cycle arrest. Its combination
with dexamethasone recovered

the sensitivity of GC and
produced a strong synergistic
cytotoxic effect in GC-resistant

Molt-4 and Raji cells.

Gu et al. [62]

L-ASNase 0.01 U/mL vs.
1 U/mL for 24 h

Cell lines: Jurkat and Reh (ALL),
Jeko (mantle cell lymphoma),

NK-YS (nasal-type
NK-cell lymphoma)

Low-dose L-ASNase
(0.01 U/mL) effectively killed
Asn-dependent NK-YS cells,
whereas clinically achievable
intermediate doses (1 U/mL)
induced robust apoptosis in

Gln-dependent Jurkat and Jeko
cell lines.

Sugimoto et al. [66]
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Miscellaneous

In vitro: increasing
concentrations of evofosfamide
with or without the presence of
low-dose topotecan (20 nmol/L)

In vivo: evofosfamide,
(50 mg/kg daily i.p.,

5 days/week), LDM topotecan
(1 mg/kg daily by oral gavage,

5 days/week), and
their combination

In total, 5 different
neuroblastoma cell lines

(CHLA-15, CHLA-20, CHLA-90,
SK-N-BE(2), and SH-SY5Y) and 3

rhabdomyosarcoma cell lines
(RH4, RH30, and RD) in vitro.

Aggressive s.c. xenografts using
two neuroblastoma cell lines

[CHLA-20 and SK-N-BE(2)] and
two rhabdomyosarcoma cell

lines (RH4 and RD);
metastatic (intravenous)

SK-N-BE(2) neuroblastoma
model in NOD/SCID mice

Low-dose topotecan enhanced
the cytotoxic effect of

evofosfamide in all cell lines
in vitro.

Combined treatment resulted in
a better antitumor effect than

both monotherapies and induced
complete tumor regression after
2 weeks of treatment in each s.c.

xenograft. It also improved
survival in the SK-N-BE(2)

metastatic model.

Zhang et al. [67]

In vitro: 96 h exposure of
temozolomide (0.3–1000 μmol/L)

with or without talazoparib
(10 nmol/L)

In vivo: temozolomide
(30 mg/kg/day × 5 days) and
talazoparib (0.25 mg/kg twice

daily × 5 days) alone or in
two different combinations:

high-dose temozolomide
(30 mg/kg/day × 5) +

talazoparib
(0.1 mg/kg twice daily × 5) or

low-dose temozolomide
(12 mg/kg/day × 5) +

talazoparib
(0.25 mg/kg twice daily × 5)

Pediatric Preclinical Testing
Program (PPTP) cell line panel
including a total of 23 cell lines

of rhabdomyosarcoma, rhabdoid,
Ewing sarcoma, neuroblastoma,
glioblastoma, ALL, AML, ALCL,

and NHL origin, for cytotoxic
in vitro assays.

In vivo pediatric xenografts:
C.B-17 scid−/− female mice for

s.c. implantation of Wilms tumor,
rhabdoid tumor, Ewing sarcoma,

osteosarcoma,
rhabdomyosarcoma,
neuroblastoma, and

non-glioblastoma brain tumors;
BALB/c nu/nu mice for glioma

models; female
NOD.CB17-Prkdcscid/J mice for

intravenous inoculation of
human leukemia cells

In vitro, the combination
resulted in a marked potentiation

of temozolomide toxicity in
Ewing sarcoma (50-fold) and

ALL (30-fold) cell lines.
In vivo, toxicity was comparable

for both combinations. Both
exhibited significant antitumor
effects and induced total tumor

regression in 5 of 10 Ewing
xenografts, within 6 weeks of
treatment. It was successful
against xenografts with low

MGMT expression (i.e., GBM2
glioblastoma and Rh28

rhabdomyosarcoma) and those
with defective homologous
recombination (i.e., KT-10

Wilms tumor).

Smith et al. [71]

In vitro: Topotecan for a total of
6 days, on three different ways of
administration: continuous, for

8 h daily, or for 8 h every
other day.

In vivo: low-dose topotecan
0.6 mg/kg i.v. daily ×5 and
1.0 mg/kg every other day;

increased dose 2 mg/kg daily ×5
and 3.3 mg/kg every other day

(for 2 weeks, repeated every
21 days for 3 cycles)

In vitro: Daoy pediatric
medulloblastoma and

Rh30 pediatric
rhabdomyosarcoma cells

In vivo: Daoy and Rh30 s.c.
xenografts in 4-week-old
CBA/Caj tyhmectomized

female mice

Topotecan IC50 values of ~2 nM
for Daoy cells, while they
increased with extending

drug-free time in Rh30 cells.
Rh30 xenografts regressed

completely when treated with
topotecan 0.6 mg/kg i.v. daily
×5. Increased doses of 2 mg/kg
daily and 3.3 mg/kg every other

day to obtain complete tumor
regression of the less sensitive

in vivo Daoy models.

Pawlik et al. [72]

2-DG, 2-deoxy-D-glucose; Akt, Protein kinase B; ALK, anaplastic lymphoma kinase; ALCL, Anaplastic large cell
lymphoma; ALL, acute lymphoblastic leukemia; ALM, Acute myeloid leukemia; Bad, BCL2 associated agonist
of cell death; Bcl-2, B-cell lymphoma 2; CAM, chorioallantoic-membrane; CEC, circulating endothelial cell; CEP,
circulating endothelial progenitor; CM, conditioned medium; EC, endothelial cells; GC, glucocorticoid; GLUT3,
Glucose transporter 3; HIF, hypoxia-inducible factor; IC50, half maximal inhibitory concentration; i.p., intraperi-
toneal; i.v., intravenous; KD, ketogenic diet; L-ASNase, L-asparaginase; LDM, low dose metronomic; mCTX,
metronomic cyclophosphamide; MEDIC, medium-dose intermittent chemotherapy; MGMT, O-6-methylguanine-
DNA methyltransferase; MTD, maximum tolerated dose; MYCN, Proto-Oncogene BHLH Transcription Factor;
NB, neuroblastoma; NHL, Non-Hodgkin lymphoma; PD-1, programmed cell death protein 1; PEX, a fragment
of human metalloproteases-2; p.o., per os; SASP, senescence-associated secretory phenotype; s.c., subcutaneous;
TMZ, temozolomide; Treg; T regulatory cells; TSLC, tumor stem-like cells; VEGF, vascular endothelial growth
factor; VEGFR-2, VEGF receptor 2; WT, wild type; XIAP, X-linked inhibitor of apoptosis protein.
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4. Pharmacokinetic Studies on Metronomic Chemotherapy in Preclinical, Pediatric
Tumor Models

The first preclinical pharmacokinetic (PK) study was performed by Zhou and col-
leagues [73] in SF188V+ glioma-bearing athymic rats receiving multiple i.v. adminis-
trations of temozolomide at a metronomic (3.23 mg/kg/day for 28 days) or standard
(18 mg/kg/day for 5 days) dosing. The pharmacokinetic profile of temozolomide was
linear, and dose- and time-independent. Indeed, the main PK parameters such as half-life
(t1/2), volume of distribution (Vd), and systemic clearance of the drug were superimposable
at the beginning and at the end of either metronomic or standard treatment. Moreover,
a marked and similar decrease in tumor volume was observed in mice treated with both
regimens, but the peak plasma concentration (Cmax) of metronomic temozolomide was con-
siderably lower (7–8-fold) than that obtained after administration of the standard schedule,
and it was maintained for a longer period of time [73].

Kumar and colleagues [29] have also investigated the pharmacokinetic interactions of
metronomic topotecan in combination with pazopanib in a preclinical model of aggressive
pediatric solid tumors. Pazopanib is a substrate of cytochrome P450 3A4 (CYP3A4) [74],
whereas topotecan is an inhibitor of CYP3A4 [75]. However, no substantial difference
was reported in the plasma concentration of topotecan or pazopanib among the group
of animals treated with the drug combination and those treated with either agent alone.
Therefore, interestingly, no relevant drug concentration alteration was detected between
topotecan and pazopanib despite a theoretical metabolic drug interaction.

Interestingly, Chen and co-workers [44] carried out a pharmacokinetic analysis of
plasma 4-OH-cyclophosphamide (active metabolite) levels in 9L glioma cell tumor-bearing
mice administered with cyclophosphamide at 11.65 mg/kg p.o. daily, 70 mg/kg i.p. every
3 days, and 140 mg/kg i.p. every 6 days. The highest intermittent i.p. amount resulted
in a Cmax of 4-OH-cyclophosphamide almost 20-fold higher than that detected in mice
treated with the lowest daily oral dose, although the total exposure was the same, and
it was accountable for the activation of the strongest, broad-spectrum, antitumor innate
immunity and tumor regression.

5. Clinical Studies on Metronomic Chemotherapy in Pediatric Patients

All the described clinical studies are summarized in Table 3.

Table 3. Clinical studies on metronomic chemotherapy in pediatric patients.

Disease
N◦ of

Patients
Type of Study Metronomic Regimen Main Results Reference

Low-grade glioma
(pLGG) 18 Retrospective

Bevacizumab with or without
irinotecan +

vinblastine/vinorelbine
2-year OS: 94% Roux et al. [76]

Progressive or
relapsed solid tumors 74 Retrospective COMBAT I, COMBAT II,

COMBAT IIS, COMBAT III
43.1% (median: 15.4 months)

was 2-year OS
Zapletalova

et al. [77]

Rhabdoid tumor

6 Case series

Etoposide +
cyclophosphamide +

celecoxib + valproic acid

SD (death from bone marrow
transplant-related infectious

complications)

Carcamo B.
and Francia G.

[78]

Anaplastic
ependymoma

Etoposide +
cyclophosphamide +

celecoxib + valproic acid
CR

Medulloblastoma Etoposide + valproic acid CR

Medulloblastoma
Temozolomide +

cyclophosphamide +
celecoxib + valproic acid

PD
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Table 3. Cont.

Disease
N◦ of

Patients
Type of Study Metronomic Regimen Main Results Reference

Neuroblastoma

6 Case series

Etoposide +
cyclophosphamide +
sulindac/celecoxib

Relapse

Carcamo B. and
Francia G. [78]Cervicomedullary

tumor

Temozolomide +
cyclophosphamide +

valproic acid + celecoxib +
bevacizumab

SD

Poor prognosis brain
tumors 8 Pilot Temozolomide

90 mg/m2/day for 42 days
Six patients responded to

treatment Sterba et al. [79]

Refractory solid
tumors 12 Pilot, prospective

Vincristine,
cyclophosphamide, and

methotrexate

Disease stabilization
occurred in 7 patients (58%)

Fousseyni et al.
[80]

Recurrent or
progressive
solid tumor

33 Pilot Celecoxib + vinorelbine or
cyclophosphamide

Median time to progression
was 8.5 weeks (range: 3 to

62.5 week)
Four (13%) patients had a

stable disease with
durations of 28 to 76 weeks

Stempak et al.
[81]

Refractory cancer 7 Pilot, prospective
Vincristine,

cyclophosphamide,
methotrexate

Mean duration treatment:
34 ± 31 weeks
PR: 2 patients

Traore et al. [82]

Recurrent or
progressive poor

prognosis
solid tumors

20 Feasibility trial

Four-drug regimen:
thalidomide + celecoxib +

alternating
cyclophosphamide/VP16

every 21 days for 6 months

Eight patients completed
the six-month therapy Kieran et al. [83]

Relapsed or
refractory solid

tumors
30 Phase I Topotecan + pazopanib

The recommended dose
was topotecan

0.22 mg/m2/day and
pazopanib PfOS
160 mg/m2/day

In total, 10 patients (4
neuroblastoma, 3

osteosarcoma, 2 Ewing
sarcoma/PNET, and

1 medulloblastoma) had
stable disease with median

duration of 6.4 months
(1.7–45.1)

The longest stable disease
was 45 months

Manji et al. [84]

Relapsed or
refractory solid

tumors
64 Prospective

Celecoxib,
cyclophosphamide,

vinblastine, and
methotrexate

Forty-nine patients (77%)
had a favorable response

(PR and SD)
1-year OS: 62.3%

Ali A.M. and
El-Sayed M.I.

[85]

High-grade glioma,
neuroblastoma,

desmoplastic small
round cell

tumor-DSRCT,
alveolar

rhabdomyosarcoma,
ependymoma,

melanoma

13 Phase II

Nivolumab +
cyclophosphamide +/-

radiotherapy at discretion
of physician

None of patients had
confirmed objective

response
Stable disease occurred in

5 subjects
Median PFS = 1.7 months

(95% CI: 1.3–3.4)
Median OS = 3.4 months

(95% CI: 2.2–13.5)

Pasqualini et al.
[86]

Recurrent or
progressive tumors 101 Phase II, prospective

Five drugs:
cyclophosphamide,

etoposide, thalidomide,
celecoxib, and fenofibrate

Twenty-four patients (25%)
completed 27 weeks

therapy

Robison et al.
[87]
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Table 3. Cont.

Disease
N◦ of

Patients
Type of Study Metronomic Regimen Main Results Reference

Relapsed/refractory
pediatric brain

tumors
29 Phase II

Four drugs: celecoxib,
vinblastine,

cyclophosphamide, and
methotrexate

Median number of cycles
was 6.8 (range 1–12)

Good response in LGG
patients

Verschuur et al.
[88]

Refractory or
relapsing tumors 16 Pilot

Vinblastine,
cyclophosphamide,

methotrexate, and celecoxib

Disease stabilizations (25%)
that lasted 24 weeks or

more
André at al. [89]

Neuroblastoma,
soft-tissue sarcoma,

bone sarcoma,
miscellaneous

50 Phase II, prospective
Vinblastine, cyclophos-
phamide/methotrexate,

celecoxib

1-year PFS = 6.8%
1-year OS = 55.3%

Heng-Maillard
et al. [90]

Refractory/relapsing
solid tumors, or

advanced disease
98 Phase II, prospective Cyclophosphamide +

etoposide + valproic acid

6-month OS = 40% (95% CI)
1-year OS = 22%
1-year PFS = 19%

El Kababri et al.
[91]

Rhabdomyosarcoma
at high-risk of relapse 371 Phase III

G1: vinorelbine and
cyclophosphamide

G2: placebo

In G1 group:
86.5% (95% CI 80.2–90.9)

was 5-year overall survival
77.8% (70.8–83.4) was

5-year disease-free survival

Bisogno et al.
[92]

Non-hematopoietic
primarily

extracranial solid
tumor progressive

after treatment with
at least 2 lines of
chemotherapy

108
G1: 56

patients
G2: 52

patients

Phase III

G1: thalidomide, celecoxib,
and etopo-

side/cyclophosphamide
G2: placebo

In the G1 group:
49 days (95% CI, 43–59

days) was the median PFS
85 days was the OS

SD = 8 patients
PR = 2 patients

Good response in patients
without a bone tumor

Pramanik et al.
[93]

COMBAT I (celecoxib, etoposide, temozolomide, isotretinoin); COMBAT II (celecoxib, etoposide, temozolo-
mide, fenofibrate, cholecalciferol for the first year and celecoxib, cyclophosphamide, isotretinoin, fenofibrate,
cholecalciferol for the second year); COMBAT IIS (celecoxib, vinorelbine, cyclophosphamide, cis-retinoic acid,
fenofibrate, cholecalciferol); COMBAT III (celecoxib, etoposide, temozolomide, fenofibrate, cholecalciferol, vitamin
D3, bevacizumab for the first year and celecoxib, cyclophosphamide, isotretinoin, fenofibrate, cholecalciferol for
the second year); CR, complete response; DSRCT, desmoplastic small round cell tumor; G1, group1; G2, group 2;
OS, overall survival; PfOS, powder for oral suspension; PFS, progression-free survival; PD, progressive disease;
pLGG, pediatric low-grade glioma; PNET, Primitive Neuro-Ectodermal Tumors; PR, partial response; SD, stable
disease; VP16, etoposide.

5.1. Retrospective Studies

Roux and collaborators [76] conducted a monocentric retrospective study in
18 pediatric patients (7 males and 11 females) with pediatric low-grade glioma (pLGG).
Induction treatment involved bevacizumab (10 mg/kg) alone or in combination with
irinotecan (125 mg/m2) on days 1 and 15 of 2-week cycles for 6 months, or until the best
clinical or radiological response was obtained; later, the patients received metronomic
vinblastine (6 mg/m2 per week; in case of hematological toxicity, the dose could be reduced
to 2 mg/m2 per week). Two patients had disease progression; therefore, it was not possible
to include them in the analysis. Metastases were present in 2 out of 16 children, while
2 patients had undergone other treatments (1 line and 6 lines). Bevacizumab and irinotecan
were given to 13 children, while bevacizumab alone was given to 3 children. After induc-
tion, 5 of 16 partial radiological responses and 11 of 16 stable diseases occurred. Induction
lasted an average of 6.2 months, while maintenance lasted 12 months. Maintenance treat-
ment had to be stopped in one patient due to grade 3 gastrointestinal toxicity with vomiting
and abdominal pain. After 3.9 years (range 11 months–7.2 years) from the end of induction,
15/16 children were alive and 9/16 were progression-free. Disease progression occurred in
7 of 16 patients with a median time of 23 months: 3 children progressed during vinblastine
maintenance, and 4 children after. The 2-year OS was 94%. Treatment tolerance was good
overall. No patient experienced renal toxicity or hypertension during induction. Vinblas-
tine was discontinued in one child after 3 months due to persistent grade 2 gastrointestinal
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toxicity (vomiting/nausea) during maintenance. Vinblastine dosage was decreased in
7 patients (n = 4, 4 mg/m2; n = 2, 3 mg/m2; n = 1, 2 mg/m2) due to hematological toxicities
(grade 3 neutropenia). There were no peripheral neurotoxicity or long-term toxicities [76].

Seventy-four children with progressive, relapsed solid tumors, were treated by one
of four different COMBAT chemotherapy regimens: COMBAT I (celecoxib, etoposide,
temozolomide, isotretinoin) lasting 1 year; COMBAT II (celecoxib, etoposide, temozolomide,
fenofibrate, cholecalciferol for the first year and celecoxib, cyclophosphamide, isotretinoin,
fenofibrate, cholecalciferol for the second year) lasting 2 years; COMBAT IIS (celecoxib,
vinorelbine, cyclophosphamide, cis-retinoic acid, fenofibrate, cholecalciferol) during 2 years
for patients with soft tissue sarcomas and Ewing sarcomas; and COMBAT III (celecoxib,
etoposide, temozolomide, fenofibrate, cholecalciferol, vitamin D3, bevacizumab for the
first year and celecoxib, cyclophosphamide, isotretinoin, fenofibrate, cholecalciferol for
the second year) lasting 2 years. Seventy-seven complete treatments were administered
to 74 patients because 3 of them were re-challenged with a high-dose schedule. The
investigators used these treatment schedules in a consecutive manner, displaying the
progressive evolution of treatment protocols. The first 28 patients enrolled were treated
with COMBAT I. Forty-four patients received COMBAT II and five patients COMBAT III.
Overall, 43.1% of patients (median: 15.4 months) survived 2 years. The authors observed
62 patients with initially measurable diseases, 25 of whom progressed, but did not worsen
during the follow-up period. The number of patients with measurable diseases who
attained CR, PR, or SD after 6 months of COMBAT treatment had been defined as a clinical
benefit, was 23%. Nine subjects showed a response 6 months after initiating COMBAT.
During the follow-up, there were 50 (68%) deaths. In total, 24 patients survived: 6 (8%)
patients had PD, 7 (9%) patients had PR/SD, and 11 (15%) had CR. Patients had a median
time to response (CR/PR) of 6 months. Twelve children were affected by medulloblastoma
(MBL)/primitive neuroectodermal tumors (PNET) and had the worst prognosis. They
had a two-year OS of 33%; two children survived for a long time: 64 and 54 months.
Twelve patients suffered from neuroblastoma, of which only two showed durable responses:
one patient had a PR and progression-free survival (PFS) of 63 months, and one patient
had a second very good PR at the last 12-month follow-up. Transient responses or stable
disease with striking reduction in the dimension of the soft tissue mass have been shown
by 8 patients. The patients with relapsed or progressive high-grade sarcoma did not
have any long-term responses but had a palliative effect. Therapy led to response in 8
of 10 children with progressive LG tumors (LG glioma, giant bone cell tumors with lung
metastasis, and LG sarcomas): tumor progression determined death, whereas a median
PFS of 33 months was obtained in the remaining children. The treatment was administered
on an outpatient basis and the tolerability was excellent. No therapy-related death or grade
3/4 non-hematological toxicity (except skin or hepatic toxicity) occurred. Grade 3 hepatic
toxicities happened in only 8 children (11%). Grade 3 cheilitis occurred in 16 children (22%),
when treated with cis-retinoic acid [77].

5.2. Case Series

Carcamo B. and Francia G. [78] reported a retrospective case series. Six children
received metronomic treatment as a palliative cure because they had exhausted all thera-
peutic alternatives. Patient 1 was a male child diagnosed with metastatic rhabdoid tumor
of the left kidney at about 3 years of age. At diagnosis, the metastases were located at the
retroperitoneal level, in the lungs and bone marrow, as well as involving the renal vein and
the inferior vena cava. The child, after courses of neoadjuvant chemotherapy and radio-
therapy, had a progression of the disease in the lung and in bone marrow. At this point, the
patient was treated with MC (etoposide 37.5 mg/m2/day orally on days 1–21, followed by
cyclophosphamide 50 mg/m2/day orally on days 22–42, celecoxib 250 mg/m2 orally twice
per day, and valproic acid 15 mg/kg/day divided into two doses): the rhabdoid tumor did
not recur, and the pulmonary nodules remained stable. Subsequently, the child died from
transplant-related infectious complications without showing, on imaging, signs of recurrent
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rhabdoid tumor, which therefore responded effectively for 3 years due to treatment. Patient
2 (male) had anaplastic ependymoma from the age of 6. The tumor was partially removed
by surgery, and later treated with radiotherapy. After 6 months, there was a relapse in the
brain and metastases to the leptomeninges and thoracic spine. Metronomic therapy was
therefore initiated with oral etoposide (50 mg/m2/day for 21 days) alternating with oral
CTX (50 mg/m2/day for 21 days), valproic acid, and continuous celecoxib (120 mg/m2

2 times/day), subsequently modified with sulindac (8 mg/kg/day). The patient had a CR
and no evidence of residual disease after 2 years of therapy; he received another 18 months
of MC and was lost to follow-up after 8 years of diagnosis and 4 years of metronomic
treatment without recurrence. Patient 3 (female) was diagnosed with medulloblastoma
at the age of 10 months, and surgically treated in a definitive manner. Upon examination
of the ventricular liquor, the presence of microscopic disease was detected; therefore, the
girl was treated with chemotherapy and radiotherapy. Six months after the completion
of the therapy, she had a microscopic recurrence in the cerebrospinal fluid. She was then
given MC and after 5 months she achieved complete remission. After 5 years, the MC
was discontinued. Patient 4 (female), age 5, had medulloblastoma localized to the fourth
ventricle without desmoplastic or anaplastic features. She was treated with surgical re-
section, radiotherapy, and vincristine for adjuvant purposes. After 3 months, she had a
first relapse, treated with temozolomide, irradiation, and surgical resection on the residual
nodule. After another 3 months, a second relapse occurred. She was administered with MC
(temozolomide alternating with CTX, celecoxib, and valproic acid), to which the patient
partially responded. Ten months after the start of the metronomic treatment, an infiltra-
tive brain tumor formed which led to the patient’s death 2 months later. Patient 5 (male)
was diagnosed with metastatic neuroblastoma at age 9 and was treated with neoadjuvant
chemotherapy, surgical resection, and finally with radiotherapy and isotretinoin. There
was no evidence of residual disease at the end of treatment, but after 6 months there
was a relapse treated with MC (etoposide alternating with CTX and continuous sulindac).
Due to major hematological toxicities, it was necessary to reduce the dosage of etoposide
and CTX, but the patient still showed a partial response at months 5 and 8. At the 11th
month of treatment, there was a progression of the disease; thus, sulindac was replaced
with celecoxib. After 2 months, the patient died. At 3 years of age, patient 6 (female)
was diagnosed with type 2 neurocytoma of the spine. The tumor was treated surgically
and later by irradiation, but a residual nodule remained. After 5 months, there was a
progression of the disease with an increase in the size of the nodule and the formation of
a second lesion; therefore, she received high-dose chemotherapy, developing important
hematological toxicity and infectious complications, without obtaining any clinical benefit
after 9 cycles. MC was then introduced (temozolomide alternating with CTX, valproic
acid, celecoxib, and bevacizumab), and 3 months after the start of treatment there was a
reduction in the size of the lesions. The metronomic treatment was gradually discontinued,
but 10 months later it was necessary to resume it due to PD. It was possible to interrupt
the treatment again, given that a stabilization of the disease was obtained; in the following
4 years of follow-up, the disease remained stable [78].

5.3. Phase I and Pilot Studies

Sterba and colleagues evaluated eight children with poor prognosis brain tumors
treated by concomitant radiotherapy given 1 × 170 cGy, 5d/wk, for a total dose of 55/56 Gy,
and temozolomide 90 mg/m2/day for 42 days. The primary toxicity, recorded around
day 21, was myelosuppression. Vomiting was the most common non-hematologic tox-
icity, but these were rare, and no cases of dose-limiting toxicity occurred. Six patients
responded to treatment. Two patients with high-risk medulloblastoma had the best re-
sponses. Furthermore, there were one more complete and three partial responses at the
end of temozolomide treatment [79]. This study reported promising responses in children
with medulloblastomas, which progress soon after the first surgery.
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A prospective, pilot, single-center study conducted in Mali evaluated the efficacy and
safety of a metronomic combination schedule based on vincristine, cyclophosphamide, and
methotrexate in 12 children with refractory cancer (Wilms tumor and retinoblastoma were
the most frequent diagnoses). There was no objective response, but a disease stabilization
occurred in 7 patients (58%). They continued therapy for 15 to 24 weeks. In total, 6 subjects
(50%) were still living after 39 weeks of median follow-up. For at least six months after the
end of treatment, 3 patients (25%) showed stable disease. One patient developed grade 4
anemia, and one patient grade 4 non febrile neutropenia. No other grade 3 or 4 toxicities
were detected [80].

An open label, nonrandomized, multi-center pilot study was designed to assess the
safety of celecoxib (250 mg/m2 p.o. twice daily) combined with metronomic vinblastine
(1 mg/m2 i.v. thrice weekly) or cyclophosphamide (30 mg/m2 p.o. daily) in patients under
21 years with a recurrent, refractory solid tumor. Patients with access were treated with
vinblastine, and patients without access with cyclophosphamide. For the first week, the
investigators administered only celecoxib to estimate safety and pharmacokinetics. In the
second week, they added either vinblastine or cyclophosphamide. Thirty-three patients
were enrolled, seventeen of whom were treated with vinblastine, and sixteen of whom with
cyclophosphamide. Three patients of the vinblastine arm had a rapid disease progression,
so were not evaluable and dropped out. The authors reported a small number of serious
adverse events, none of which were likely associated with celecoxib, and observed no
complete or partial responses. The median time to progression for the study was 8.5 weeks.
Within 12 weeks, the progression of two-thirds of treated patients was observed, while
21% of patients received treatment for 12–24 weeks. In only 4 (13%) patients, a stable
disease, lasting for 28 to 76 weeks, occurred. One patient presented a stable disease for
over 15 months [81].

In a prospective, pilot, single-center study, 7 children from 3 to 21 years old with
refractory cancer were administered with weekly vincristine (1.5 mg/m 2, days 1, 8, 15,
and 22), daily cyclophosphamide (25 mg/m 2, days 1–21), twice-weekly methotrexate
(15 mg/m2, days 21–42), and daily valproic acid (30 mg/kg) followed by one week rest. In
the succeeding cycles, vincristine was given only on weeks 1 and 5. The authors obtained a
mean duration treatment of 34 ± 31 weeks at the end of the observation period; two patients
were alive with a mean follow-up of 9 ± 11 weeks. Two patients had partial responses,
which lasted more than 2 years. One death after a quick progression occurred in a patient
with metastatic osteosarcoma; he received treatment for more than a year. Two progressions
and one loss of follow-up happened during the treatment. Regarding adverse events, there
were 1 grade 4 anemia and 1 grade 4 non-febrile neutropenia [82].

Another study enrolled 20 patients under the age of 22 with recurrent or progressive
poor prognosis tumors without other therapeutic options. The treatment scheme provided
continuous oral thalidomide and celecoxib with an alternation of oral etoposide and
cyclophosphamide every 21 days for 6 months at antiangiogenic doses. Rapid disease
progression occurred in seven patients exposed to therapy for less than 3 months. One
more patient had less than 3 months of therapy because of toxicity (i.e., thrombosis).
Three patients continued treatment for 3–6 months before disease progression. Eight
patients underwent the 6-month treatment, three of whom exhibited a radiographic partial
response (1 glioma, 2 ependymomas). Seven out of eight patients decided to prolong the
therapy beyond 6 months, supporting its good tolerability. Some transitory grade 1 and 2
toxicities were observed, but none of these led to discontinuation of treatment. Instead, only
one patient with a grade 3 toxicity (i.e., deep venous thrombosis related to thalidomide)
interrupted therapy. A longer-term toxicities assessment was performed through a growth
and development evaluation. Only one of three menstruating female patients at study
enrollment experienced amenorrhea. No growth retardation was identified. For example,
a patient continued treatment for over 2 consecutive years and maintained a protracted
partial response. At the beginning of treatment, he was 94.1 cm tall (50th percentile) and
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achieved a height of 106 cm (50th percentile) two years later [83]. These data support the
low toxicity of the metronomic scheme.

Manji and colleagues [84] conducted a phase I clinical trial with the aim of establishing
the maximum tolerated doses of metronomic topotecan and pazopanib, detecting the toxic-
ities of the combined schedule, and describing the pharmacokinetics of oral metronomic
topotecan and pazopanib prepared as a powder for oral suspension (PfOS) in 30 patients
(age 2–21 years) with relapsed or refractory solid tumors. The initial doses of topotecan and
pazopanib PfOS were 0.12 mg/m2 e 125 mg/m2, respectively. To increase the doses, the
Rolling Six design was used to reach the doses of 0.4 mg/m2 and 160 mg/m2 of topotecan
and pazopanib PfOS, respectively. At the end of the study, the recommended dose was
topotecan 0.22 mg/m2/day and pazopanib PfOS 160 mg/m2/day. The median duration
of treatment was 1.9 months (0.1–44.2). For the response, it was possible to evaluate
25 patients. Ten patients (4 neuroblastoma, 3 osteosarcoma, 2 Ewing sarcoma/PNET, and
1 medulloblastoma) had stable disease with a median duration of 6.4 months (1.7–45.1).
The longest stable disease was 45 months, and the therapy was continued as compassionate
use even after the study ended [84].

Ali and El-Sayed performed a prospective study, enrolling 64 subjects aged ≤18 with
relapsed or refractory solid tumors. The patients were treated with at least 3 cycles of
metronomic chemotherapy, each for 6 weeks plus a 1-week break (total 21 weeks), including
celecoxib, cyclophosphamide, vinblastine, and methotrexate. In case of partial response or
stable disease, the treatment was prolonged beyond 21 weeks. The patients with isolated
local relapse or distant metastasis received radiotherapy in combination with metronomic
chemotherapy. In total, 49 patients (77%) had a favorable response: 22 (34%) exhibited
a partial response and 27 (42%) showed a stable disease. In contrast, 15 (23%) patients
developed a progressive disease. Acute toxicities were mild: 26 (41%) patients experienced
grade 1 hematologic toxicities, 10 (16%) non-hematologic toxicities, and 5 (8%) suffered a
combination of toxicities. No toxicities were found in 23 patients (36%). The most common
hematological toxicity was anemia (n = 16), and the most frequent non-hematological
toxicity was neuropathy (n = 6). The 1-year overall survival (OS) rate was 62.3% after a
median follow-up of 14 months. The 1-year OS was lower for patients who exhibited a
progressive disease (17%) than for patients who achieved a stable disease (70%) or a partial
response (82%) [85].

5.4. Phase II Studies

Thirteen subjects (ten male and three female) were included in a European multi-
center, proof-of-concept, multi-arm phase I/II platform study in pediatric patients with
relapsed/refractory cancer. The children were treated with nivolumab 3 mg/kg intra-
venously twice (day 1 and day 15) in each 28-day cycle, and with metronomic cyclophos-
phamide 25 mg/m2 orally twice daily, 1 week on and 1 week off. Patients were diagnosed
from high-grade glioma (n = 3), neuroblastoma (n = 3), desmoplastic small round cell
tumor-DSRCT (n = 3), alveolar rhabdomyosarcoma (n = 2), ependymoma (n = 1), and
melanoma (n = 1). Metastases were present in 77% of patients (10/13). Previously, subjects
were treated with a median of 3.5 treatment lines (range 1–5). During the study, 8 patients
were irradiated at a dose of 20–40 Gy for locoregional metastases. There were 194 adverse
events, but only 72 (37%) were probably drug-related: of these, 17 were grade 3 (15 of
hematological type), whereas 5 were hematological grade 4. The 12 evaluable patients
did not have a confirmed objective response. Stable disease occurred in 5 subjects. In the
patient with DSRCT, there was a reduction in lesions observed at cycle 4 and confirmed at
cycle 6, while in the patient with ependymoma the reduction in lesions observed at cycle 4
was not detectable at cycle 6. PD was the drop-out cause of all patients. The median PFS
was 1.7 months (95% CI: 1.3–3.4), and the median OS was 3.4 months (95% CI: 2.2–13.5) [86].

In a multi-center, open-label, prospective two-stage phase II study, Robinson and
colleagues evaluated an oral metronomic 5-drug regimen for children (age ≤ 21 years)
with recurrent or progressive cancer. Cyclophosphamide and etoposide were administered
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in 21-day cycles and thalidomide, celecoxib, and fenofibrate were administered contin-
uously. A total of 101 patients were enrolled in this study, and 97 began the treatment.
Twenty-four patients (25%) appropriately performed 27 weeks of treatment without pro-
gressive disease (PD) or significant toxicity. Sixty-five (67%) interrupted therapy after
PD, including three subjects who died of the disease. One death occurred because of
complications of acute infection. Two subjects (2%) suspended therapy owing to toxicity.
Five patients (5%) withdrew consent. Seven patients with ependymoma concluded therapy
with stable disease (SD) or better. Twelve patients had low-grade glioma: three patients
(25%) experienced PD within the first 9 weeks of the study, and nine patients (75%) expe-
rienced SD or better. One patient with an anaplastic glioneuronal tumor had an SD and
proved an upcoming sustained complete response (CR). One subject with neurocytoma and
chordoma had a PR. One patient with mixed malignant germ cell tumor, meningioma, hep-
atocellular carcinoma, and lymphangioma demonstrated an SD. Furthermore, one subject
with choroid plexus carcinoma experienced PR. High-grade glioma and bone tumors had
an unfavorable response rate. Three out of four patients affected by leukemia progressed
soon after starting therapy. Six patients had medulloblastoma: three of them experienced
the best response of SD or better, comprising one who showed a CR. One in three subjects
with neuroblastoma ended therapy with SD. Most patients tolerated the treatment well.
Hematological toxicities were the most common. One treatment-related death occurred for
a patient with recurrent Ewing sarcoma who evolved Enterococcus faecalis bacteremia and
neutropenia in week 4 of therapy. Two other patients dropped out of the study after the
onset of toxicity: one with neutropenia and transaminase elevation, and one with a skin
rash. The discontinuation of therapy led to the resolution of toxicities in both cases. Acute
myelogenous leukemia (AML) was developed by an ependymoma patient exposed to the
5-drug regimen for 21 months. No other second malignancies have been reported [87].

A phase II clinical trial aimed to investigate the antitumor efficacy and the toxic-
ity of metronomic weekly vinblastine (3 mg/m2, weeks 1–7), daily cyclophosphamide
(30 mg/m2, days 1–21), twice weekly methotrexate (10 mg/m2, days 21–42), and twice
daily celecoxib (100–200–400 mg, body weight <20 kg, 20–50 kg, >50 kg, respectively, days
1–56) in relapsed/refractory pediatric brain tumors. This schedule was followed by 13 days
of rest from chemotherapy. The authors enrolled 29 patients: 8 patients with ependymoma
in the first cohort; and 3 patients with medulloblastoma, 5 with high-grade glioma, 11
with low-grade glioma, and 2 patients with other tumors in the second cohort. An SD for
4 months was observed in one patient with progressive ependymoma. Instead, a tumor pro-
gression occurred in the other seven ependymoma patients after two cycles. In the second
cohort, the authors enrolled 21 patients: 1 subject dopped out for early progression, and
1 for osteomyelitis. In the low-grade glioma (LGG) group, there were 2 partial responses,
6 stable diseases, and 2 progressive diseases. In the high-grade glioma (HGG) group, there
were 1 stable disease, and 4 progressive diseases. In the group of other tumors, there were
4 progressive diseases. The median number of cycles was 6.8 (range 1–12). The authors
deduced that this metronomic regimen was effective, especially in the LGG group. The
hematologic toxicity, in particular neutropenia, was the most usual (n = 11 patients). Over-
all, 11 patients presented grade 3/4 neutropenia. Grade 4 febrile neutropenia occurred in
two patients (1 ependymoma, 1 LGG). Five patients exhibited grade 3/4 lymphopenia. The
investigators did not observe any grade 4 thrombocytopenia and non-hematological ad-
verse events. The most common non-hematologic AE (n = 8 grade 2/3) was hepatic enzyme
increase. Three patients presented grade 2/3 mucositis. Other non-hematological AEs in-
cluded grade 2 rhinitis/pharyngitis, fatigue, keratitis/conjunctivitis, diarrhea, anal fissure,
dizziness, paresthesia, and grade 3 hypophosphatemia and constipation. Five patients
interrupted, temporarily, treatment for grade 3/4 toxicity (hepatic and/or hematological),
leading to provisional lowering of the dose [88].

This clinical trial was the development of a previous study by André and collaborators,
where 16 children (age 3–21) with refractory or relapsing tumors without other therapeutic
options were treated with the above-described scheme of treatment. However, the protocol
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was mildly changed from the initial schedule because of toxicity and clinical outcome ob-
served in the first 3 patients treated. In fact, when the tumor progressed, evidencing active
neo-angiogenesis in the course of chemotherapy break, celecoxib administration was contin-
ued between two cycles. Moreover, the investigators added a seventh vinblastine dose on
day 42. While patients were taking methotrexate, they developed mucositis; therefore, the
dosage was reduced from 15 mg/m2 to 10 mg/m2. Overall, the last implemented version
of the protocol was administered to 10 out of 16 patients. At the end of the observation
period, 1 patient was still on treatment, and 7 patients were alive. A child with Hodgkin’s
disease had the best response observed. The authors observed four stable diseases (25%),
lasting 24 weeks or more, and four rapid tumor progressions (25%) in patients who had not
completed the first cycle of treatment. Interestingly, they noted a rapid decline in pain and
analgesic drug administration in 11 patients after the beginning of the metronomic therapy.
Of greatest importance, tolerability was good. The toxicities were mostly hematological
(83%). No child had alopecia and the investigators did not observe grade 3 or 4 nausea or
vomiting. Toxicities did not lead to the treatment’s end. Three patients reduced vinblastine
dosage by 30% because of one peripheral neurotoxicity case and two severe hematological
toxicity cases. Two patients discontinued celecoxib, one because of renal insufficiency,
and the other for hemoptysis related to lung metastasis. Grade 2 or 3 mucositis led to a
reduction in the methotrexate dose in 4 patients [89].

Fifty patients from 4 to 25 years of age were enrolled in a prospective, multi-center,
nonrandomized, noncomparative, open-label combination phase II study, but only 44 were
evaluated [90]. Patients were divided into 4 groups based on the type of tumor they were
suffering from: (i) neuroblastoma group (NBL) consisting of 18 subjects; (ii) soft-tissue
sarcoma group (STS) composed of 7 patients; (iii) bone sarcoma group (BS) including
10 subjects; (iv) miscellaneous group (Misc.) involving 9 patients. The therapeutic scheme
included 6-week cycles of MC and two treatment-free weeks for a total of 56 days. The drugs
used were: twice daily celecoxib 100–200–400 mg (< 20 kg, 20–50 kg, > 50 kg, respectively)
for 56 days, weekly intravenous vinblastine at a dose of 3 mg/m2 (days 1–8–15–22–29–
36–43), and daily oral cyclophosphamide at a dose of 30 mg/m2/day during three weeks
(days 1–21) alternating with oral methotrexate at a dose of 10 mg/m2 twice a week for three
weeks (days 22–25–29–32–36–39–43). In 54% (24 out of 44) of patients, after 2 cycles of MC,
no clinical signs of disease progression were detected, while in 46% (20 out of 44) of the
subjects, it was necessary to interrupt the therapy due to a tangible PD. In total, 7 (4 NBL, 2
STS, 1 Misc.) out of 44 subjects (16%) clinically achieved a CR, PR, and SD from 2 cycles
of treatment, whereas all BS patients (8 osteosarcoma and 2 Ewing sarcoma) had disease
progression. The one-year PFS and the one-year OS of the whole cohort were 6.8% and
55.3%, respectively. In all, 33 out of 44 patients had 99 times grade 3/4 toxicity (24 events
were grade 4). The most common toxicities were the hematological ones, in particular
neutropenia: in fact, grade 3/4 neutropenia occurred 37 times in 24 subjects, while grade
3/4 thrombocytopenia occurred 6 times in 6 patients. Among the non-hematological
toxicities, the most common was the elevation of transaminases: there was a grade 3
increase in liver enzymes in 6 subjects [90].

El Kababri and colleagues [91] performed a multi-center, prospective phase II study
involving 98 pediatric patients with refractory/relapsing solid tumors or advanced disease.
Patients were treated with 28-day cycles of oral cyclophosphamide (30 mg/m2) and oral
etoposide (25 mg/m2) daily from day 1 to day 21, followed by 1 week off, and daily valproic
acid (20 mg/kg) from day 1 to day 28. The subjects were suffering from neuroblastoma
(n = 24), Ewing sarcoma (n = 18), osteosarcoma (n = 14), rhabdomyosarcoma (n = 14), and
other miscellaneous diseases (n = 28). Metastases at diagnosis were present in 62 patients
(63%). Patients received a median of 6 cycles (range 1–18) and, overall, tolerated the
treatment well (no toxicity or maximum grade 1 toxicities in 95% of MC cycles). The
only grade 3 or 4 toxicities observed were the hematological ones which occurred in 39 of
529 cycles. Toxicities did not necessitate a dose reduction. The 6-month OS was 40%; 1-year
PFS was 19% and 1-year OS was 22%. Three children experienced a CR, 11 patients a PR, and
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11 subjects had SD for more than 6 months. No relapses were observed 18 months after the
end of treatment. Interestingly, 4 patients were relapse-free for 54 months. Ewing sarcoma,
rhabdomyosarcoma, neuroblastoma, and Hodgkin lymphoma were most likely to respond
to treatment, whereas osteosarcoma and Wilms’ tumor did not respond to treatment even
in terms of disease stabilization. Quality of life, according to Karnofsky/Lansky scores,
increased from 50% to 70% following MC [91].

5.5. Phase III Studies

In a multi-center, open label, randomized, controlled, phase III study, enrolling
371 patients aged 6 months to 21 years with rhabdomyosarcoma at high-risk of relapse,
standard treatment (9 cycles of ifosfamide, vincristine, dactinomycin alone or in combi-
nation with doxorubicin, and surgery or radiotherapy or both) led to remission. After
remission, patients were randomized 1:1 to discontinue treatment or proceed with main-
tenance chemotherapy (6 cycles of vinorelbine 25 mg/m2 i.v. on days 1, 8, and 15, and
daily cyclophosphamide 25 mg/m2 p.o. on days 1–28, for 24 weeks), given on an outpa-
tient basis. Overall, 5.75 months was the median time from randomization to the end of
maintenance chemotherapy. Seven children interrupted treatment on parents’ request. At
least one cycle modification occurred in 144 (80%) of 181 patients: the doses were low-
ered in the cases of neutropenia or thrombocytopenia in 74 (51%) patients, toxicity in 63
(44%), and other reasons in 7 patients (5%). Totally, 86.5% was 5-year overall survival in
patients who received metronomic chemotherapy and 73.7% was 5-year overall survival
in patients who discontinued treatment (HR 0.52 [95% CI 0.32–0.86]; p = 0.0097). Overall,
69.9% was 5-year disease-free survival in the group without further treatment, and 77.8%
was 5-year disease-free survival in the group given maintenance chemotherapy. A relapse
event occurred in 94 (25%) of 371 patients with similar distribution in the two groups. In
particular, 6.9 months and 10.1 were the median times to relapse determined from the
randomization date to the event in the arm given no further treatment, and in the arm with
maintenance chemotherapy, respectively. There were 66 (18%) deaths: 42 (23%) of 186 in
the subjects who stopped treatment, and 24 (13%) of 185 in the subjects still on chemother-
apy. The patients died of relapse except for two patients in the group given no further
treatment (one patient died of a surgical complication after a local relapse, and one was
suicide) and two patients in the maintenance chemotherapy group (one patient with lung
metastasis died of H1N1 infection, and one patient died of high-grade glioma, a second
tumor appeared 69.7 months after rhabdomyosarcoma). The most common adverse event
was grade 4 neutropenia, which occurred in 82 patients (45%). Fifty-six patients (31%) had
grade 3 infection. Grade 3–4 leukopenia was reported in 136 (75%) of 181 patients, grade
3–4 neutropenia in 148 (82%) patients, anemia in 19 (10%) patients, and thrombocytopenia
(1%) in 2 patients. One case (1%) of grade 4 non-hematological toxicity occurred. There
were two treatment-related serious adverse events: one case of inappropriate antidiuretic
hormone secretion, and one severe steppage gait with limb pain. The resolution of the
events was reached, but in the patient with inappropriate antidiuretic hormone secretion,
the treatment was permanently discontinued [92].

In a double-blinded, placebo-controlled, randomized clinical trial, 108 children aged
from 5 to 15 years old were enrolled, affected by non-hematopoietic primarily extracranial
solid tumors which progressed after at least 2 lines of chemotherapy. They were random-
ized 1:1 to receive placebo and best supportive care or metronomic chemotherapy and
best supportive care. The eventual disease progression led to treatment stop. Metronomic
chemotherapy consisted of two different alternating cycles; each cycle lasted 3 weeks.
Cycle A was characterized by thalidomide, celecoxib, and etoposide administered daily;
cycle B was characterized by thalidomide, celecoxib, and cyclophosphamide administered
daily too. The placebo arm consisted of 52 patients; the metronomic chemotherapy arm
consisted of 56 patients. At the cut-off date for data collection, the progression occurred in
107 patients (52 placebo; 55 metronomic chemotherapy), and death occurred in 107 patients
(52 placebo; 55 metronomic chemotherapy). Overall, 2.9 months was the median follow-up
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for all the patients. Totally, 46 days and 49 days were the median PFS in the placebo group
and in the metronomic chemotherapy group, respectively. In particular, 85 days was the OS
in both groups. No complete responses occurred in either group. Eight patients had a stable
disease and two patients had partial responses in the metronomic chemotherapy group. In
a post hoc subgroup analysis, more than 3 cycles were administered to 40 patients and the
PFS significantly increased (HR, 0.46; 95% CI, 0.23–0.93; p = 0.03). Furthermore, patients
without a bone tumor benefited from metronomic chemotherapy for PFS (HR, 0.39; 95% CI,
0.18–0.81; p = 0.01) and OS (HR, 0.44; 95% CI, 0.21–0.90; p = 0.02). Grade 3–4 hematologic ad-
verse events were the most common: anemia (7.1% vs. 11.7%), neutropenia (0% vs. 10.7%),
thrombocytopenia (0% vs. 10.7%), and febrile neutropenia (0% vs. 8.8%) found in the
placebo vs. metronomic chemotherapy group. The most common non-hematologic adverse
event was mucositis (grade 1–2, 8.8%; grade 3–4, 5.3%) in the metronomic chemotherapy
group. Eight patients (14.2%) needed a lowering of the dose, and nine patients had a
delay in administration (metronomic chemotherapy group) [93]. The results obtained from
the analysis of the subgroups showed an encouraging perspective in order to select the
pediatric patients who can really have an advantage from the low-dose schedule.

In the same study, HRQoL (Health-Related Quality of Life) was also evaluated, using
the PedsQOL Cancer module V.3, at baseline (A1), A2 (9 weeks or earlier if progressed),
or A3 (18 weeks or earlier if progressed). No significant difference was observed in
the change in the quality of life induced by each group from A1 to A2 in either mean
total scores or individual domain scores. Moreover, no significant difference, defined
as a 4.5-point improvement, was found either between bone sarcomas, other cancers,
responders (≥9 weeks of treatment), or non-responders. This is in line with the survival
outcomes observed in the study [94].

6. Biomarkers of Metronomic Chemotherapy in Pediatric Patients

Diagnostic, predictive, and prognostic biomarkers are urgently needed to select which
pediatric patients could benefit most from metronomic therapy and to monitor treatment
activity. These therapies are slow acting and may not induce tumor regression. Moreover,
diverse biomarkers may be needed according to the treatment and disease type.

Conflicting results have been published on cytokines as biomarkers of metronomic
in the pediatric setting, some in favor and others opposing their role in predicting the
effectiveness of metronomic therapies [81,83,87,95]. Driven biomarkers, as cytokines, may
not be the best parameters, as there are different upstream and downstream pathways
involved, and a single parameter (i.e., VEGF) may not be representative of all.

First, the previously described study of Kieran and colleagues [83] also evaluated
serum, plasma, and urine levels of VEGF; basic fibroblast growth factor (bFGF);
thrombospondin-1 (THBS1); and endostatin. Baseline THBS1 levels in serum above
75 μg/mL were associated with extended disease-free survival (>1 year) in three patients,
while VEGF, bFGF, and endostatin levels during therapy did not show a change relative
to baseline values. On the contrary, four subjects with baseline levels below 75 μg/mL
demonstrated early progression. Nevertheless, THBS1 levels did not increase further
during therapy, independently of radiographic response, stable disease, or rapid tumor
progression [83].

Similarly, Stempak and collaborators assessed several circulating plasma proteins
(i.e., VEGF, bFGF, THBS1, endostatin, soluble vascular and intercellular cell adhesion
molecule) as surrogate markers of angiogenic activity in children with recurrent, refractory
solid tumors continuously exposed to celecoxib and either low-dose vinblastine or cy-
clophosphamide. However, these markers were highly variable and showed no significant
correlation with disease progression or stable disease [81].

André and colleagues monitored the influence of the maintenance of metronomic-like
chemotherapy on angiogenic cytokines (i.e., VEGF, VEGFR-1, Ang-2), THBS1, Treg, and
endothelial biomarkers (i.e., CEC, EPC, EMP), in 47 children with ALL. Along with a
remarkable increase in THBS1 levels, a statistically significant reduction in EPC and EMP
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counts was detected during this stage. No appreciable variation was observed in other
angiogenic markers or in the Treg fraction [95].

Furthermore, biomarkers of angiogenesis were evaluated in a pediatric population
treated with sirolimus in combination with metronomic oral topotecan and cyclophos-
phamide. A statistically significant reduction has been observed in THBS1 and soluble
VEGFR-2 plasma levels at 21 days if compared to baseline, demonstrating that this regimen
can regulate angiogenic pathways [96].

Robinson and co-workers [87] conducted a surrogate marker analysis evaluating
VEGF, bFGF, endostatin, and THBS1 levels in blood and urine samples at baseline and every
ninth week, in children with recurrent or progressive cancer administered with the afore-
mentioned 5-drug oral regimen. Interestingly, patients who completed therapy showed
significantly higher baseline serum THBS1 levels than patients who discontinued treatment
(median 9163 vs. 4299 ng/mL), suggesting an association with tumor susceptibility to
antiangiogenic therapy. No statistical differences between completer and non-completer
patients have been reported concerning the other biomarkers analyzed (VEGF, bFGF, and
endostatin) [87].

Recently, Pramanik and colleagues evaluated serum VEGF and THBS1 concentrations
in 108 pediatric patients with progressive malignancies who randomly received metro-
nomic chemotherapy or placebo [97]. They found no differences for both these biomarkers
at baseline and two other time points (week-9 (A2) and week-18 (A3) or earlier if pro-
gressed) between the two arms, as well as at the change from baseline to A2 in each group.
Responders to metronomic chemotherapy, who completed at least 3 cycles, displayed
significantly inferior levels of mean baseline VEGF [659.7 vs. 1143.9 μg/mL] and a sub-
stantial decrease in THBS1 from baseline to A2 [−4.43 vs. 1.7 μg/mL], as opposed to
non-responders. Responders in the placebo group did not show such alterations [97].

Based on these conflicting results, VEGF and THBS1 cannot yet be considered valid
biomarkers of the response to metronomic chemotherapy in pediatric patients.

Moreover, studies have investigated the role of other potential biomarkers such as
HIF-1α expression [98], and factors implied in resistance to metronomic chemotherapy (i.e.,
cathepsin B, ANXA3) [99].

In particular, Tho and collaborators demonstrated that among the clinically used
topoisomerase II (TOP2)–targeting drugs evaluated in their study (i.e., mitoxantrone, dox-
orubicin, and etoposide), only mitoxantrone induced a potent, dose- and time-dependent,
inhibition of HIF-1α expression under hypoxic conditions, similar to that caused by cy-
cloheximide. In vitro experiments using HIF-1α mRNA corroborated that mitoxantrone
inhibited the HIF-1α translation step. Noteworthy, mitoxantrone treatment was associated
with increased polysome-bound HIF-1α and decreased VEGF-A mRNA levels [98].

Immune cells such as Treg cells and myeloid-derived suppressor cells may also be
considered as potential biomarkers.

However, the studies mentioned above have several limitations. First, the small groups
of proteins evaluated in these studies do not represent the total effect of all the regulators of
angiogenesis. Furthermore, the absence of standard reference ranges to detect circulating
proteins could lead to a problematic interpretation of the results.

It is also difficult to identify potential biomarkers for metronomic chemotherapy
because of the various mechanisms of action, multiple drug combinations, and many clinical
settings used. However, the search for new potential biomarkers may be plausible in the
future thanks to the broad accessibility of next-generation sequencing. Further biomarkers
could be considered for measuring the efficacy of metronomic chemotherapy such as
circulating cell-free DNA, circulating endothelial cells, and circulating endothelial precursor
cells and micro-particles. Future studies including homogenous patient populations and
focusing on validating surrogate markers to monitor treatment activity are needed.
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7. Conclusions and Future Perspective

The costs of cancer treatment have increased worldwide over the years, especially with
the advent of immunotherapy and targeted therapy. Within the USA, the overall national
costs of cancer care are predicted to rise by over 30% from 2015 to 2030, corresponding to
over $245 billion, based on population growth [100].

Metronomic chemotherapy could represent a valid method to reduce the economic
burden of anticancer therapy in the pediatric setting. In fact, most metronomic regimens
involve the use of inexpensive, old drugs available for oral administration (Figure 2),
thus reducing costs for hospitalization, intravenous injections, risk of infection, and travel
or accommodation outlay for patients and their families who must visit well-equipped
health centers in large and distant cities. Side effects associated with low-dose metronomic
chemotherapy are usually limited compared with MTD therapy. Therefore, treatment com-
plications and the frequency of monitoring tests could be reduced, resulting in improved
quality of life, both for patients and caregivers, and further lowering of costs for cancer
treatment without impairing clinical outcomes [10].

Figure 2. Chemotherapeutic drugs metronomically administered in pediatric clinical trials in different
tumor types.

Maintenance therapy in pediatric patients is administered to hamper cancer progres-
sion and/or relapse after successful initial therapy. It aims at extending survival while
preserving the quality of life [101]. Metronomic chemotherapy represents a good option for
maintenance therapy because it is usually well-tolerated, and it can be given orally and
at a relatively low cost. Moreover, its activity on angiogenesis, cancer stem cells, and the
regulation of the immune system allows the possibility to overcome resistance and delay
tumor progression [99].

However, long-term morbidities such as the development of secondary tumors have
become a relevant issue for pediatric patients. Chemotherapy use including alkylating
agents has been correlated with the increased risk of hematologic malignancies [102]. There-
fore, it will be of interest to deeply evaluate the impact of the total dose of a metronomic
cyclophosphamide-based schedule, which may expose pediatric individuals to the risk
of developing secondary tumors. Moreover, intensive surveillance and counselling of
these patients are necessary to monitor and anticipate secondary tumor diagnosis and
treatment [102].

All metronomic phase I and II studies published in the last decade reveal good
tolerance and acceptable side effect profiles in outpatient care without affecting the normal
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growth of children [83]. Most of the evidence comes from preclinical studies or phase I
and phase II clinical studies performed in the relapse/refractory setting. Unfortunately, the
lack of large, randomized phase III trials and of reliable biomarkers made the clinicians
question using a low-dose, continuous regimen as the standard of care in pediatric oncology.
Therefore, further phase III studies are urgently needed to validate the role of metronomic
chemotherapy in the present and future disease control [9]. As metronomic chemotherapy
is assumed to display its effect also by immunomodulation, we might expect interesting
results from a combination of immunotherapies. Furthermore, a proper combination with
radiotherapy, MTD chemotherapy, and novel targeted drugs should be tested in future
research [9].

The most plausible approach may be to proceed with investigations and gradually
integrate metronomic treatments into the current clinical practice, taking advantage of
their low toxicity, oral administration and, therefore, the feasibility of a more comfortable,
home-based treatment.
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Abstract: Metronomic chemotherapy (mCHT), defined as continuous administration of low-dose
chemotherapeutic agents with no or short regular treatment-free intervals, was first introduced to the
clinic in international guidelines in 2017, and, since then, has become one of the available strategies
for the treatment of advanced breast cancer (ABC). Despite recent successes, many unsolved practical
and theoretical issues remain to be addressed. The present review aims to identify the “lights and
shadows” of mCHT in preclinical and clinical settings. In the preclinical setting, several findings
indicate that one of the most noticeable effects of mCHT is on the tumor microenvironment, which,
over the last twenty years, has been demonstrated to be pivotal in supporting tumor cell survival
and proliferation. On the other hand, the direct effects on tumor cells have been less well-defined.
In addition, critical items to be addressed are the lack of definition of an optimal biological dose
(OBD), the method of administration of metronomic schedules, and the recognition and validation of
predictive biomarkers. In the clinical context—where mCHT has mainly been used in a metastatic
setting—low toxicity is the most well-recognised light of mCHT, whereas the type of study design, the
absence of randomised trials and uncertainty in terms of doses and drugs remain among the shadows.
In conclusion, growing evidence indicates that mCHT is a suitable treatment option for selected
metastatic breast cancer (MBC) patients. Moreover, given its multimodal mechanisms of action, its
addition to immunological and targeted therapies might represent a promising new approach to
the treatment of MBC. More preclinical data are needed in this regard, which can only be obtained
through support for translational research as the key link between basic science and patient care.

Keywords: metronomic chemotherapy; breast cancer; safety

1. Introduction

Metronomic chemotherapy (mCHT) refers to the minimum biologically effective dose
of a chemotherapeutic agent able to induce antitumor activity when given as a continuous
dosing regimen with no prolonged drug-free breaks. Standard-of-care chemotherapy,
instead, is based on administration of the maximum tolerated dose (MTD) of a drug(s)
given for several cycles, with prolonged drug-free breaks between administrations. Since
its inception, mCHT was perceived as a therapy to be used in very advanced or palliative
settings, especially in those cancers, such as breast cancer, for which more complex and
modern therapies are available and mistakenly considered more effective [1]. Despite the
difficult circumstances in which mCHT took its first steps, it soon became evident that it
had some peculiar properties, mainly related to its various mechanisms of action, and that
these properties could be exploited to optimise the sequencing of treatment.

For clinical application, mCHT was first introduced in international guidelines in
2017. The International Consensus Guidelines for advanced breast cancer (ABC) stated
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that “Metronomic ChT is a reasonable treatment option for patients not requiring rapid tumour
response. The better studied regimen is CM (low-dose oral cyclophosphamide and methotrexate);
other regimens are being evaluated (including capecitabine and vinorelbine). Randomised trials are
needed to accurately compare metronomic ChT with standard dosing regimens”. Clinical evidence
gathered at that time, despite this being in early stages of development, supported a strong
recommendation that the benefits outweighed the risks and harms even in the absence
of randomised studies. A consensus on the published statement was reached by 88% of
the panelists.

Since that point, mCHT became one of the strategies available for the treatment of
ABC, even though the story of the treatment remained bedecked with lights and shadows.
A significant concern is a lack of connection between laboratory data and the clinic: trial
design has mainly been based on clinical outcomes without corresponding translational
research aims or has been constrained by the very small number of patients enrolled.
Improved linkage between preclinical and clinical research could reduce the gap between a
correct diagnosis and the most favorable clinical outcome for the patient.

The purpose of the present review is to consider the lights and shadows of mCHT in
preclinical and clinical settings, with the aim of highlighting both the positives and the
missing aspects of this treatment approach.

With respect to preclinical research, we report data relating to the different mecha-
nisms of action and the validation of some biomarkers, seeking to distinguish between
established findings and work in progress, even though it is not always feasible to clearly
demarcate these.

Regarding clinical research, among the lights, given the generally reported low in-
cidence of severe side-effects related to mCHT, we decided to focus on these, together
with quality-of-life (QoL) data, when available. Among the shadows, we reviewed study
designs and end-points, and the presence of correlative biomarker studies, as these are
areas requiring further exploration.

Considering the significant number of publications which relate to metronomic strate-
gies in ABC patients, this review necessarily reports only key findings of research obtained
in preclinical and clinical settings.

2. Materials and Methods

For the purposes of this review, we considered crucial studies with fully published re-
sults, which reported data concerning side-effects, QoL, symptom control or all of these. To
better describe the toxicity of mCHT regimens, we included only studies that investigated
pure metronomic regimens, in which drugs were administered at low dose, continuously,
according to the definition of mCHT provided above [2]. We scanned databases using
PubMed for keywords (e.g., metronomic, breast cancer), and, by using filters for the years
2010 to the present), retrieved 247 results. We subsequently narrowed the field to clinical
trials and randomized clinical trials, producing 64 results. The choice of selecting only
papers published after 2010 was made due to the presence of different, and sometimes
exhaustive, reviews published around that time, including one from our group. Amongst
the clinical studies, we separately reported metronomic schedules with single or combina-
tion chemotherapy agents and metronomic schedules with chemotherapy agents combined
with different targeted therapies, focusing on ABC. Our choice was informed by the lack
of clinical trials in the early period, except for two which had enrolled a small number
of patients.

For preclinical data, we conducted a literature search on PubMed and Web of Science
using the terms “preclinical model of breast cancer and metronomic chemotherapy” and
“mechanisms of action and biomarkers and metronomic chemotherapy” and selected the
most relevant studies from 2000 to 2022. From the entire literature search, we retrieved
110 results, 67 of which were regarded as potentially relevant, 45 of which, in turn, were
retained and fully reviewed.
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3. Results

3.1. Preclinical Setting Lights

During the last twenty years, significant advances have been made in the under-
standing of the biology of cancer, including the interaction of tumour cells with their
microenvironment. Several points of intervention for its treatment have emerged. For
example, the importance and the mechanism of action of specific drugs have been high-
lighted, and it has also been understood that the way these molecules are administered—the
dose and schedule—is very important [3], leading to the recognition of the importance of
mCHT. Several mechanisms of action of mCHT have been identified, which include: (i) the
prevention of tumour angiogenesis; (ii) direct effects on cancer cells; (iii) the induction of
cellular senescence; and (iv) modulation of the immune system—with which the tumour
cells interact directly—and of adjacent stromal cells. However, several challenges remain,
particularly in terms of determining the mechanisms of action and identifying predictive
biomarkers to identify those patients who will most benefit from mCHT.

We report what, in our opinion, can be considered “lights”—mechanisms and biomark-
ers that are well-documented for mCHT—and “shadows”, i.e., areas that require further research.

3.1.1. Mechanisms of Action

Tumour-associated angiogenesis is defined as the sprouting of new micro-vessels from
pre-existing ones; these new blood vessels can support tumour growth. However, neo-
angiogenesis can also arise from cells recruited from the bone marrow, or that differentiate
from cancer stem cells, in a process called “vascular mimicry” [4].

In recent years, research in this field has focused on understanding how different
therapies act to prevent or block angiogenesis, mainly by inhibiting VEGF, which is the
signal gradient towards which the growing vascular sprouts move. The anti-angiogenic
effect of anticancer drugs at the MTD preferentially impacts proliferating endothelial cells
(ECs), some of which participate in the germination of new tumour micro-vessels. Unfortu-
nately, these effects are reversed during the two to three week pauses between subsequent
treatments, as occurs with standard chemotherapy schedules. The anti-angiogenic stimulus
of chemotherapy appeared to be improved when drugs were administered metronom-
ically, in small doses, on a frequent schedule (daily, several times a week, or weekly),
and continuously for prolonged periods, as shown in xenotransplant models, including
for drug-resistant tumours [2]. Klement et al. established that orthotopic xenografts of
human breast cancer responded significantly to continuous low-dose chemotherapy regi-
mens when used in combination with a second anti-angiogenic drug, i.e., anti-VEGFR-2
antibodies, which led to inhibition of tumour angiogenesis and reduced tumour size [5].

To determine the sensitivity to angiogenic therapy of primary orthotopic breast cancer
xenografts compared to distant metastases, Bridgeman and colleagues evaluated histologi-
cal data, in which primary tumours exhibited intense angiogenesis while lung metastases
did not. In the lungs, there was evidence of “vessel co-optation”, which is the capturing
of existing vessels by tumour cells—particularly in a vascular-rich organ like the lung—
migrating along the vessels of the host organ, thus supporting the metastatic process. These
data confirmed the previous findings of Pezzella in 1996, who was the first to demonstrate
the ability of cancer cells to enlist existing vessels to feed the growing tumour. Pezzella also
suggested that the co-optation of the vessel constituted a mechanism of intrinsic resistance
or a means of lowering the response to anti-angiogenic drugs.

Cancer cells, particularly those from highly metastatic tumours, are also capable of
vasculogenic mimicry to escape anti-angiogenic therapy. Cancer cells can differentiate and
enhance EC-like characteristics by expressing VE-cadherin and ephrin A2. This process is
associated with increased tumour invasiveness and relapses [6].

Various preclinical studies have indicated that proliferating microvascular ECs repre-
sent the primary targets when tumours are treated with mCHT. Low-dose chemotherapy
directly affects the tumour vessel through growth arrest and apoptosis of activated ECs.
mCHT inhibits the expression of pro-angiogenic factors, such as VEGF, VEGFR2, bFGF, and
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SDF1, and induces the production of angiogenesis inhibitors, such as thrombospondin-1, in
both stromal and cancer cells, platelet factor-4, and endostatin. Moreover, mCHT induces
apoptosis in circulating ECs and inhibits endothelial progenitor cell (EPC) mobilisation [7,8].
In addition, combined treatment of anti-angiogenic and cytotoxic drugs synergistically ham-
pered tumour progression and prolonged survival in tumour-bearing animal models [9,10].
An interesting study evaluated the molecular mechanisms of topotecan administered in
mCHT mode, alone or in combination with pazopanib (an antiangiogenic tyrosine kinase
inhibitor), in primary and metastatic orthotopic models of triple-negative breast cancer
(TNBC); the impact of hypoxic conditions was also examined. The combination of metro-
nomic topotecan and pazopanib significantly improved antitumor activity compared to
monotherapy with both drugs, and prolonged survival, even in the context of advanced
metastatic cancer, with important changes in tumor angiogenesis, tumor cell proliferation,
apoptosis, HIF1α levels, and HIF-1 target gene expression [11].

Together, these data suggest that mCHT impacts on the altered blood flow of tumour
vessels through their functional normalisation, rendering the delivery of anticancer drugs
to the tumour more effective. Tumour vessel normalisation represents an emerging concept
for mCHT-based tumour treatment.

The modulation of the immune system directly affects tumour cells and adjacent
stromal cells [12] and the effect of chemotherapy on these components has been studied
in different experimental settings. For example, the Kerbel group performed a preclinical
study using an orthotopic model of syngeneic murine TNBC (EMT6/P) treated with the
immune checkpoint inhibitor anti-CTLA4. The use of the monoclonal antibody partially
inhibited tumour growth and this inhibitory effect was increased when the anti-CTLA4
antibody was combined with a low-dose cyclophosphamide (CTX) regimen, but not when
the anti-CTLA4 antibody was combined with high-dose injection of CTX plus a low oral
dose of CTX [13]. These results were further corroborated and expanded when the authors
compared three different CTX protocols for anti-cancer efficacy in three murine breast
cancer models. In an EMT6/P model, three different CTX regimens were studied: the
MTD protocol, a low dose daily/continuous oral metronomic CTX, and medium dose
intermittent CTX (CTX140 1q6d regimen) where the drug was injected in a medium dose,
every six days. The latter protocol was more effective in inhibiting primary tumour growth
than the MTD or continuous oral low daily dose CTX. In addition, CTX140 1q6d also
produced anti-cancer results by stimulating the innate and adaptive immune systems. In
fact, CTX140 1q6d upregulated PD-L1 expression on CD45+ and CD45− cells within the
tumour microenvironment. Consistent with these preclinical data, a clinical study reported
that therapy with an mCHT schedule in TNBC-patients expressing higher levels of PD-
L1 in the tumour microenvironment resulted in better responses [14]. Orecchioni et al.
investigated the effects of mCHT VNR, CTX and 5-FU, alone or in combination with
checkpoint inhibitors, on the circulating immune cells of mice injected in the mammary fat
pad with 4T1 TNBC cells. They found a synergistic effect in reducing circulating T, B, and
NK cells when chemotherapy was given with anti-PD-L1. Notably, they observed that the
reduction in the different immune cells triggered by mCHT in peripheral blood was not
mirrored by a similar decrease in the intratumoral immune cell infiltrate [15].

Figure 1 describes the main mechanisms of action of mCHT.
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Figure 1. Mechanisms of action of metronomic chemotherapy (mCHT). The beneficial effects of
mCHT are mediated by the inhibition of angiogenesis, the direct inhibition of tumour cell prolifera-
tion, and the stimulation of the immune system. Inhibition of angiogenesis plays a fundamental role
in mCHT. The anti-angiogenic effects include direct inhibition of endothelial cells (ECs) proliferation
via inhibition of pro-angiogenic factors, such as vascular-endothelial growth factor (VEGF), vascular
endothelial growth factor receptor 2 (VEGF-R2), basic fibroblast growth factor (bFGF), and upregula-
tion of endogenous angiogenic inhibitors, such as Thrombospondin 1 (TSP-1) endostatin, and platelet
factor 4 (PF4), and inhibition of endogenous endothelial progenitor cells (EPCs) mobilization. Direct
cytotoxic effects on tumor cells and decreased cancer stem cells (CSCs) population are also observed.
mCHT also stimulates anticancer immunity by increasing cytotoxic activity of immune cell effectors
and by inhibiting tumour-stromal activation. Figure created with BioRender.com.

3.1.2. Biomarkers

In the last decade, considerable efforts have been made in the preclinical setting to
identify valuable biomarkers that could be used to stratify breast cancer patients and
monitor the effectiveness of the mCHT regimen [16,17]. Potential biomarkers have been
studied to demonstrate, for example, its anti-angiogenic action. They include circulating
blood biomarkers, such as VEGF, angiopoietin, thrombospondin 1

2 (TSP-1/2) and circu-
lating ECs [7,18], polymorphisms of a single nucleotide (e.g., VEGF, IL6, IL8) [19], and
immunohistochemistry (e.g., VEGF and TSP-2). Techniques applied have also included
functional imaging (e.g., dynamic contrast-enhanced magnetic resonance imaging or dy-
namic contrast-enhanced computed tomography) [20] and laser speckle flowmetry to
evaluate the efficacy of mCHT CTX treatment in tumor shrinkage and tumor vasculature
response [21]. More recently, it has been shown, in a preclinical study of patient-derived
xenografts (PDXs) from CDK12HIGH and CDK12LOW human breast cancers, that CDK12
overexpression can predict response to metronomic methotrexate-based therapy. In addi-
tion, a retrospective analysis of lymph-node-positive breast cancer patients, randomized
to receive metronomic cyclophosphamide plus methotrexate (CM) chemotherapy or no
chemotherapy after completion of standard adjuvant treatments, confirmed CDK12 expres-
sion as a valuable biomarker in breast cancer patients [22].
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3.2. Preclinical Setting—Shadows
3.2.1. Mechanisms of Action

Preclinical and clinical evidence suggests a direct effect of mCHT on cancer cells [1].
For instance, it has been shown that protracted exposure to paclitaxel (PTX)—a taxane
usually administered to treat breast cancer—induced a stronger cytotoxic effect than a
short exposure, indicating that dose and duration are essential factors in the anticancer
activity of PTX in human cancers, and prolonged exposure might increase this effect [12].
Recently, Roy et al. documented the efficacy of methylglyoxal, a highly reactive glycolytic
metabolite, on breast cancer stem cells, and that its combination in an mCHT schedule
with doxorubicin or cisplatin enhanced cytotoxicity towards MCF-7 and MDA-MB-231 cell
lines [23].

Salem et al., demonstrated that low doses of the muscarinic agonist carbachol, com-
bined with PTX, reduced MCF-7 cell growth in vitro, likely via down-regulation of the
cancer stem cell population [24]. Recently, we confirmed that the mechanism of action
of anticancer agents, such as 5-fluorouracil (5-FU) and vinorelbine (VNR), can be signif-
icantly different when given metronomically compared to administration following an
MTD schedule [25]. We showed that, in TNBC cells, metronomic combinations of VNR and
5-FU could inhibit cell growth by inducing apoptosis and autophagy, and by significantly
increasing cellular senescence [25]. Many studies have demonstrated effects of senescence,
which may be involved in cancer prevention but also in its aggressiveness. There is both
light and shadow with respect to the role of senescence in cancer. Additional studies are
necessary to better understand the role of senescence in cancer and assess whether it is
beneficial or detrimental for patients.

Considering the different effects of the combinatorial regimens of mCHT, it is reason-
able to assume that further mechanisms remain to be discovered.

3.2.2. Biomarkers

Several biomarkers have been studied in TNBC to identify new actionable targets [26].
Among them FGFR1 amplification (the most frequent aberrancy implicated in tumorige-
nesis) was found in 18–33% of samples. Notably, antibodies against the different FGFR
isoforms are already being tested in different preclinical settings with good efficacy. There-
fore, the combination of anti-FGFR antibodies with mCHT might also be envisioned for the
future. Remarkably, it has already been shown in preclinical studies on TNBC cells that
when PD-1 mAbs are combined with metronomic-PTX treatment, the efficacy of anti-PD-1
is improved. These studies attempted to respond to a clinical need, i.e., the unsatisfactory
effect of PD-1/PD-L1 monoclonal antibodies used alone [27]. In another study, the authors
analyzed the immunomodulatory effects of EphA2-ILs-DTXp, a targeted nanoliposomal
taxane, in combination with checkpoint inhibitors. They found, in an EMT-6 breast cancer
model, that metronomic dosing of docetaxel improved tumour growth suppression by
increasing the activity of CD8+ T cells [28]. Earlier, Francia et al. showed, in Her-2-positive
human metastatic breast cancer xenografts, that the efficacy of trastuzumab was enhanced
when combined with metronomic low-dose CTX [29]. Recent preclinical studies have used
CTX combined with other drugs to treat breast cancer with varying success [30].

Significant attention has also been paid to the identification of non-invasive imag-
ing markers of response to chemotherapy treatment [31]; for example, therapy-induced
responses, including apoptosis and proliferation, have been traced in preclinical cancer
models using label-free optical imaging techniques, such as spatial frequency domain
imaging [32].

Another important aspect that deserves attention concerns the optimal biological
dose (OBD) of drugs, defined as the smallest effective dose that causes the highest tumour
volume shrinkage with no or minimal toxicity. Several preclinical models have been used to
evaluate the toxicological and biological effects of treatments, although none is considered
perfect for determining drug OBD. For this reason, to obtain accurate results, it is important
to select the most suitable preclinical model to study. In a pioneering paper, Shaked and
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colleagues [33] identified the OBD of various mCHT regimens in four different preclinical
cancer models, including breast cancer. Each OBD obtained by the authors was associated
with the highest reduction in circulating VEGFR2-positives

Critical issues remain to be addressed regarding the administration of metronomic
schedules and the recognition and validation of predictive biomarkers. These aspects
were underlined in a recent study [34] in which the authors highlighted the importance of
the pharmacokinetic effects of mCHT, which are often overlooked, even though they are
of fundamental significance, considering the implications of this understanding for both
preclinical research and the design of clinical trials.

Overall, solid and reliable biomarkers (i.e., diagnostic, predictive) are still needed to
predict which patients are more likely to benefit from mCHT.

A summary of the mechanisms of action and biomarkers that have been established
(lights) and those that need further investigation (shadows) related to mCHT are outlined
in Figure 2.

Figure 2. The scheme summarises the mechanisms of action and biomarkers that have been deter-

mined (highlights) and those that need further investigation (shadows) related to mCHT. Circu-
lating endothelial cells (CECs); endothelial progenitor cells (EPCs); vascular endothelial growth factor
(VEGF); thrombospondin-1 and -2 (TSP-1, and TSP-2); fibroblast growth factor receptors (FGFRs).

3.3. Clinical Setting—Lights

Breast cancer was the first type of tumour investigated for application of mCHT.
In patients with ABC, the main goals remain QoL improvement and disease symptom
reduction, rather than tumour response. In this context, mCHT provides an excellent
alternative to conventional chemotherapy, especially considering the low incidence of
side-effects. The most studied drugs are CTX, methotrexate (MTX), VNR and capecitabine
(CAPE), alone, or combined with other chemotherapy agents or targeted therapies.

3.3.1. mCHT Alone

As highlighted in different reviews, CTX was the first and is the most studied drug,
usually administered at a continuous dose of 50 mg/day. The metronomic dose used in
several clinical trials was set, on an empirical basis, to be 50 mg p.o. daily [35]; subsequent
steps included, first, the addition of MTX [24] and, subsequently, of biological agents.

Different trials [36–38] have studied metronomic CTX in ABC patients, mostly in
those heavily pre-treated using several lines of treatment. Overall, Grade 3 leukopenia
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and neutropenia, ranged between 3–10% of patients, whereas Grade 4 was reported in
approximately 4% of patients.

A retrospective analysis [36] of 61 patients with endocrine-resistant ABC who already
received two lines of chemotherapy treated with oral CTX at the dose of 50 mg/day
(Cohort 1, N = 22) or CTX at the same dose, together with MTX 2.5 mg orally twice a
week (Cohort 2, N = 39), reported Grade 3 leukopenia in 5% of the cases treated with
CTX alone and 3% of cases in those treated with CTX + MTX. All other toxicities, such as
nausea/vomiting, mucositis and diarrhoea were Grade 1 or Grade 2. Symptom control was
achieved in 54% of the cases.

Similar results were described by Lu et al. [39], who retrospectively reviewed data
regarding the efficacy and safety of CTX+MTX in 186 ABC patients. The authors reported a
very good safety profile for this combination; the incidence of any grade of leukopenia and
neutropenia was 0.6%. Other toxicities, specifically, nausea and AST/ALT elevation, which
were mostly related to MTX, were below 10% (7.1% and 3%, respectively).

The combination of CTX with etoposide was explored by Mutlu et al. [38] in a retro-
spective analysis of 77 heavily pre-treated ABC patients. The patients received continuous
oral CTX at a dose of 50 mg/day and oral etoposide given as 50 mg twice a day for two
days per week. The toxicities related to mCHT were low and mainly haematologic: G3 and
G4 leukopenia were reported in 10.4% and 3.9% of the cases, respectively, and G3 and G4
thrombocytopenia in 2.6 and 0% of cases, respectively. No Grade 4 emesis was observed.
In this study, the addition of etoposide, a drug with well-known haematologic toxicity,
slightly increased the incidence of haematologic events, which was usually very low, as
described above.

Another much-studied drug is VNR, alone, or, most commonly, in combination with
CAPE, CTX, or both. Despite the availability of Phase 1 trial data [40], which, for VNR,
suggested a recommended dose of 50 mg thrice a week when used as a single agent, some
trials tested alternative schedules, such as 30 mg/day, without interruptions. This schedule
was studied in a multicentre, open-label, single-arm study which enrolled nine patients
and was closed early due to one Grade 5 toxicity (febrile neutropenia) [41].

Many more studies have explored the combination of VNR with CAPE, CTX, or
both [42]. One of the most extensive studies conducted considering combinations of differ-
ent metronomic drugs was that undertaken by Montagna et al. [42]; a total of 43 patients
in a naïve group and 65 in a pre-treated group received 40 mg VNR thrice a week plus
500 mg CAPE thrice a day, together with CTX at a dose of 50 mg/day (VEX), administered
continuously. Among the considerable strengths of this study was the prospective design,
enabling corroboration of evidence that the incidence of side-effects with mCHT is very low;
the most frequent G3 treatment-related adverse events were neutropenia (5%), increase in
transaminases (5%) and hand and foot syndrome (7%).

Similarly, the XeNa trial [43] reported a lower incidence of some severe adverse events
in the metronomic group compared with the standard regimen (fatigue: 9.7% vs. 17.2%).
This was a large, randomised Phase 2 study that enrolled 120 Her2- ABC patients; the
patients were randomised to receive either the standard schedule of VNR (60 mg/m2 day
1 + day 8 in the first cycle, followed by 80 mg/m2 day 1 + day 8 in the following cycles) or
metronomic VNR 50 mg three times a week. Capecitabine 1000 mg/m2 twice a day for
days 1–14 was administered in both groups.

Finally, Krajnak et al. [44] retrospectively analysed 35 MBC patients treated with a
combination of CTX 50 mg daily and MTX 2.5 mg every second day; discontinuation due
to adverse events occurred in 9% of the patients, whereas only 11% of the patients stopped
MTX, mainly due to gastro-intestinal toxicity.

Our own research on mCHT has comprised different studies over the years, starting
with the VICTOR-1 study [45], which established the maximum tolerated dose (MTD) of
VNR as 40 mg thrice a week in combination with fixed doses of CAPE (500 mg thrice a day);
these results were subsequently confirmed in the multicentre VICTOR-2 study [46], and
reinforced in the VICTOR-6 real-world study [47]. In all these studies, we only observed
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mild (Grade 1–2) toxicities (Grade 1–2: nausea/vomiting 15.4%; hematologic effects 14%,
diarrhoea 12%), even in the large population analysed in the VICTOR-6 trial (600 patients),
or subgroups of patients, such as those aged over 75 years.

Keeping in mind that the main aim in the treatment of ABC patients is the improve-
ment of OS, the duration of the clinical benefit produced by a defined regimen is a crucial
element: Montagna et al. [48] recently analysed data for their cohort of ABC patients en-
rolled in a clinical trial of mCHT (VNR + CTX + CAPE), reporting a PFS rate at three years
of 25.4%. The main Grade 3–4 adverse event observed was hand-foot syndrome (7%), with
no evidence of specific or more important, cumulative or delayed toxicities with mCHT,
which was confirmed as a very well-tolerated strategy.

3.3.2. mCHT in Combination with Targeted Agents

Many other authors have investigated the combination of CTX + MTX with other
anti-cancer agents, such as the VEGFR inhibitor vandetanib (VAN) [49], and non-anticancer
drugs, such as thalidomide [50], dalteparin and prednisone or idiotype vaccine; however,
outcomes showed non-significant therapeutic improvements. Due to its safety profile
and the ease of administration, mCHT has been studied in combination with different
targeted agents, mainly anti-Her2, anti-VEGF or tyrosine-kinase inhibitors (TKIs). Although
the combination with targeted agents has led to a renewed interest in mCHT, the side-
effects related to biological drugs partially cancel the significant advantage in terms of
toxicity provided by this modality of administration. Nevertheless, these combinations
represent an alternative to CHT standard-dose regimens and are of especial value for frail
or elderly patients.

mCHT in Combination with Anti-HER2 Agents

The largest and most well-conducted study regarding the combination of mCHT with
anti-HER2 agents was carried out by Wildiers et al. [51] in frail ABC patients, defined by
age (70 years or older and 60 years or older) but without the presence of comorbidities.
Patients were randomized to receive metronomic oral CTX 50 mg per day plus trastuzumab
and pertuzumab, or trastuzumab and pertuzumab alone at standard doses. The most
frequent grade 3–4 adverse events in the mCHT arm were hypertension (12%), diarrhoea
(12%), dyspnoea (10%), fatigue (5%), pain (5%), and a thromboembolic event occurred in
10% of the patients. CTX discontinuation was necessary for 22 patients (54%). Grade 3
adverse events were heart failure (5%), diarrhoea, fatigue, pain and anorexia (5% for each
of the four adverse events). The incidence of these events was very similar to that reported
in the control arm and were more likely to have been related to the anti-HER2 agents
rather than mCHT. This study was one of the few that analysed patients’ quality of life [52].
The authors assessed HRQoL using the EORTC QLQ-C30 and the EORTC Elderly specific
module QLQ-ELD14 at baseline, and weeks 9, 27, and 52. The primary HRQoL domains
were global health status/QoL scale (GHQs), fatigue and pain. No statistically significant
differences in terms of HRQoL domain changes were detected over time between the
two treatments.

Other authors [53] investigated the combination of mCHT (VNR 40 mg thrice a week),
in combination with trastuzumab, reporting very few adverse events, the most important
being neutropenia, which was observed in 10% of the patients.

mCHT in Combination with Anti-Angiogenic Drugs

The combination of mCHT with anti-angiogenic agents is probably one of the most
promising associations, particularly when CTX is part of the regimens, given that its
peculiar anti-angiogenic properties have been demonstrated in preclinical [13] and clinical
settings [54–57]. As already illustrated above, mCHT inhibits circulating ECs and EPCs,
and modulates pro- and anti-angiogenic molecules, such as VEGF, thrombospondin-1 and
VEGFR2, amongst others [58].

Different drugs have been tested in combination with bevacizumab (the monoclonal
antibody against VEGF-A), with CTX being the most used at a dose of 50 mg/day, in
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combination with either CAPE [54,56] or MTX [55]. Grade 3 or 4 adverse effects that
occurred in the trials were hypertension, leukopenia, neutropenia and transaminitis. One
study [54] explored, together with efficacy, the relationship among circulating ECs and
circulating EPCs and the response and outcomes of the patients.

Similar toxicities were observed in a Phase III study which randomized ABC patients
to receive bevacizumab with either PTX (arm A) or daily oral CAPE-CTX (arm B, CAPE
500 mg x 3/daily + CTX 50 mg/day) as a first-line treatment [56]. A major strength
of this study was the direct comparison between mCHT and standard chemotherapy
in terms of QoL evaluation, which considered physical well-being, measured by self-
assessment questionnaire. The questionnaire included indicators of physical well-being,
mood, coping effort, overall treatment burden, health perception, appetite, tiredness, hair
loss, nausea/vomiting, and numbness/tingling in the hands/feet. The incidence of primary
endpoint-defining adverse events was similar between the two arms (25% vs. 24%; p = 0.96);
17 patients stopped treatment because of unacceptable toxicities, 12 (17%) in the standard
CHT arm and 5 (7%) in the mCHT arm. Although the study failed to meet its primary
endpoint, it provided important information regarding the QoL of ABC patients treated
with mCHT; these reported substantially less hair loss (p < 0.0001) and less numbness with
increasing time (p < 0.01) than those treated with standard CHT, and a tendency toward a
lower overall treatment burden (p = 0.11).

Considering that different mechanisms account for the anti-angiogenic effect of mCHT,
such as the selective inhibition of proliferation and/or induction of apoptosis of activated
endothelial cells, the selective inhibition of endothelial cell migration, increase in the
expression level of TSP-1 and sustained decrease in the levels and viability of bone marrow-
derived EPCs, other authors have tested mCHT in combination with celecoxib, sorafenib,
and vandetanib.

Together these studies indicate that the combination of mCHT and anti-angiogenic
agents is feasible, with a slight increase in toxicities, mainly related to the anti-angiogenic
drug; in our opinion, what is missing in this area is a systematic, prospective collection
and analysis of biomarkers, which could definitively validate the principal mechanisms of
action of mCHT.

mCHT in Combination with other Targeted Agents

Different combinations of mCHT have been explored to date including with cele-
coxib [59,60]), sorafenib [61], veliparib [62,63] and some others.

Perroud et al. postulated that the high expression in BC of the prostaglandin synthase
enzyme cyclooxygenase-2 (COX2) could be a reasonable basis to combine metronomic
CTX with the anti-COX2 agent celecoxib. These authors also evaluated many different
biomarkers of angiogenesis, such as VEGF, TSP-1 and others, as well as QoL. Together with
an excellent safety profile, specifically, the absence of G3 adverse events, the authors, when
investigating biomarkers of angiogenesis, observed a decrease in VEGF concentration,
whereas TSP-1 did not change significantly over the period, nor did the percentage of
circulating EPCs and ECs. The authors also evaluated quality of life using the FACT-B
questionnaire, reporting a marginally significant increase in functional well-being and a
significant increase in additional concerns.

The same authors [60] investigated the combination above in a larger set of ABC
patients, confirming the toxicity profile.

Another interesting combination of letrozole 2.5 mg/day plus CTX 50 mg/day and
sorafenib every fifth day at a dose of 400 mg bid was explored as neoadjuvant treatment in
a cohort of 13 early BC patients [61]. These authors also evaluated the expression of some
biomarkers, such as VEGF-A and CD31, reporting a significant reduction at Day 14 and at
definitive surgery in comparison to baseline. In contrast, a reduction in VEGF-A expression
was detected only when comparing levels at the time of surgery with baseline. The
authors also demonstrated that the concentration of sorafenib was not affected by dosing
in combination with CTX, whereas mean plasma concentrations of CTX were significantly
lower following concomitant administration of sorafenib and letrozole compared with
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concomitant administration of letrozole alone. The toxicity of this combination was notable
and would be incompatible with clinical practice. The advantages of this study included
the comprehensive evaluation of different parameters, such as 18FDG-PET changes over the
time, which showed a significant reduction in SUV uptake at the surgery in comparison to
baseline in all patients and for all biomarkers (i.e., CD31 significantly suppressed; VEGF-A
expression significantly suppressed in response to treatment).

Finally, one of the most intriguing combinations tested is that of mCHT with poly
[ADP-ribose] polymerase (PARP) inhibitors (PARPi). The rationale for this combination
relies on the activity of PARPi in mutated BRCA patients, which can increase the DNA
damage caused by chemotherapy; moreover, considering that these agents are administered
orally, they could be paired with mCHT in an all-oral regimen.

Veliparib was investigated in combination with CTX in two different studies, one of
which was a Phase 1 trial, [62,63], in different cohorts of heavily pre-treated TNBC patients.
Overall, the combination did not improve the activity of CTX as a single-agent in the
comparison study, though toxicity was acceptable and Grade 3–4 event percentages were
below 10%.

Considering the high potential of combining low-dose, oral therapies with subcutaneous
formulations of some anti-HER2 agents (e.g., trastuzumab, pertuzumab/trastuzumab), with
novel and more potent oral TKIs, such as neratinib or tucatinib, or with novel therapies,
further studies should be undertaken which aim to clarify: (1) the best mCHT backbone
for targeted therapy; (2) the most appropriate drugs to enhance the biological activity
of chosen interventions; and (3) which biomarkers best reflect the biological effects of
drugs used in metronomic regimens. It would be beneficial for these future studies to
include QoL evaluation, patient adherence, and biomarker evaluation. In our opinion,
it is scientifically meaningless to continue to see published small, mostly retrospective,
collections of cases, instead of joining forces to design a prospective, academic study with
well-defined aims and end-points (including head-to-head comparisons, prospective QoL
evaluation, biomarker assessment, etc).

Table 1 summarises the toxicities observed in the main studies.

Table 1. Summary of toxicities observed in the main studies.

Author (Year) Regimen Toxicity Grade 1–2 1 Toxicity Grade 3–4 1

Krajnak (2021) [41] VNR 30 mg/day, continuously Increased AST/ALT 22% Febrile neutropenia
(Grade 5)

Wang (2021) [53] VNR 40 mg 3/week + trastuzumab 6
mg/kg (loading dose)

Nausea 15%
Leukopenia 15%

Increased ALT/AST 15%
Diarrhoea 10%

Peripheral neuropathy 10%

Neutropenia 10%

Brems-Eskildsen
(2020) [43]

Arm A: VNR 60 mg/m2 day 1 + day
8 in the first cycle followed by 80

mg/m2 day 1 + day 8 + CAPE 1000
mg bid × 14 days, Q21

Arm B: VNR 50 mg 3/week + CAPE
1000 mg bid × 14 days, Q21

Arm A vs. Arm B
Diarrhoea 53.2% vs. 46.5%

Nausea 43.5% vs. 32.7%
Mucositis 40.3% vs. 41.4%
Fatigue 32.2% vs. 29.3%

Hand-foot 48.4% vs. 44.8%
Constipation 29% vs. 29.3%
Neuropathy 29% vs. 25.9%

Neutropenia 25.8% vs. 24.1%
Dyspnea 24.2% vs. 18.9%

Increased ALT/AST 20.9% vs. 17.2%
Joint affection 19.4% vs. 17.2%

Pain 19.3%
Leucopenia 16.1% vs. 13.7%

Fever 14.5% vs. 18.9%
Abdominal pain 14.5% vs. 17.2%

Back pain 11.3%

Fatigue 9.7% vs. 17.2%
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Table 1. Cont.

Author (Year) Regimen Toxicity Grade 1–2 1 Toxicity Grade 3–4 1

Cazzaniga (2019)
[64] Different schedules

Nausea/vomiting 15.4%
Hematologic 14.0%

Diarrhoea 12%
Fatigue 10.3%

<10%

Montagna (2022)
[48]

VNR 40 mg 3/week + CTX 50
mg/day + CAPE 500 mg 3/day Not reported Hand-foot syndrome

7%

Perroud HA (2013)
[59]

CTX 50 mg/daily + celecoxib 200 mg
bid

Leucopenia G1 13.3%
Neutropenia G1 6.7%

Thrombocytopenia G1 6.7%
Neutropenia G2 13.3%

Anaemia G2 26.7%

None

Bazzola (2015) [61] Letrozole 2.5 mg/day + CTX 50 mg +
sorafenib 400 mg bid every 5th day

Alopecia 76.9%
Neutropenia 38.5%

Sensory neuropathy 38.5%
Weight loss 38.5%

Hand-foot syndrome 30.7%
Fatigue 30.7%

Rash 30.7%
Dehydration 30.7%

Anorexia 30.7%
Arthralgias 23%

Joint function 23%
Hypertension 15.4%

Mucositis 15.4%
Acne 23%

Hand-foot syndrome
69.3%

Rash 69.3%
Diarrhoea 46.1%

Dehydration 23%

1 Reported if incidence > 10%.

As described in a recent review published by our group [1], this excellent toxicity
profile is associated with well-documented clinical activity in various types of cancer and
in ABC patients.

In a recently published systematic literature analysis [65], Lien et al. reviewed the
status of knowledge regarding mCHT across different types of cancer. They reported
that the main cancer types included in mCHT trials were breast (26.25%) and prostate
tumours (11.25%) and the main agent was CTX (43%). Differences in terms of adverse
event reporting were noted. Most of the studies used the NCI-CTCAE (any version) criteria,
while seven used the WHO criteria. The authors emphasized that, despite the differences in
reporting, mCHT was found to lead to low toxicity rates; in particular, no toxicity affected
more than 6% of all pooled patients. The availability of such a systematic literature review
compensates, to some extent, for the high heterogeneity observed in mCHT trials, at least
with respect to toxicity.

Finally, it is our opinion that one of the most important lights of mCHT was its role
during the COVID-19 pandemic. Even if the pandemic no longer represents an urgent
emergency for public health services, we believe that it has provided an important lesson
for the entire healthcare system, which should probably be reorganised in some areas to
address future emergencies. In this context, the low toxicity profile of mCHT, together with
its documented efficacy in some cancer types, above all ABC, should enable physicians
to continue to treat patients in settings other than hospitals, such as the home, reducing
admissions to hospital as much as possible.

3.4. Clinical Setting—Shadows

The prominent shadows regarding the use of mCHT in ABC patients include the
different regimens and schedules applied, even when the same drugs are used, the small
number of patients enrolled in the different trials, the retrospective design of most studies,
and the almost complete absence of prospective randomized trials. The only randomized
trial available to date has been the XeNa trial, which has some limitations, above all, the
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study design, which was not set up to provide a direct comparison between the two arms,
and the use of a non-metronomic schedule for CAPE, which affected the toxicity results
obtained. These are only some of the issues that require to be addressed to ensure that
mCHT can be applied as a therapeutic strategy.

The need for an empirical basis for determining the optimal OBD and in monitoring the
therapeutic activity of the drugs used in a metronomic schedule is a crucial point; for those
drugs, such as CTX which is associated with a precise and known effect (angiogenesis), the
OBD can be easily determined by assessing the maximum reduction in viable peripheral
blood circulating VEGFR-2 or EPCs [66]. Monitoring of VEGFR-2 blood levels during
treatment can also be easily achieved, as a useful dynamic biomarker to evaluate the
response. Unfortunately, not all the drugs used in the different metronomic schedules
are clearly associated with a precise mechanism of action, and not all the mechanisms
are evaluable by a specific biomarker. For example, the well-known effect on T-reg down
regulation observed with some metronomic schedules is only a partial and incomplete
expression of the immune system stimulation.

In our opinion, the main limitation remains the absence of randomised studies for
the vast majority of combinations and settings: fortunately, some trials [60] have filled this
gap and some others are due, such as TEMPO BREAST (EudraCT number 2014-003860-19),
which compared iv vs. a metronomic oral formulation of VNR as the first-line of treatment
in 164 HR + /HER2-ABC patients randomly assigned to one of two treatment arms, and ME-
TEORA (NCT02954055), a multi-center, randomised phase II trial that randomised women
with ER-positive, HER2-negative (human epidermal growth factor receptor 2-negative)
metastatic or locally relapsed breast cancer in a ratio of 1:1, to receive a metronomic regimen
of VNR plus CTX and CAPE, or the conventional paclitaxel monotherapy, the results for
which are awaited soon.

Another important shadow is the almost total absence of QoL evaluation, even in
trials that enrolled large populations of ABC patients; this has been performed sporadically
but, unfortunately, was not planned for in most of the prospective studies.

4. Discussion

mCHT for the treatment of breast cancer treatment started slowly at the beginning of
the 2000s; at that time, most physicians believed that it was nothing more than a palliative
therapy, confining its use to very late stages in care.

With increasing evidence coming from scientists all around the world who tested
mCHT in single arm, proof-of-concept studies in cancers different from breast (e.g., lung,
prostate, paediatric, head and neck and ovarian cancers, glioblastoma), it became evident
that mCHT could play a different role.

Even after many years of clinical use, especially as part of treatment of ABCs, the use
of mCHT remains a matter of debate in the scientific community. Physicians are divided
between those who have adopted it in their clinical practice, based mainly on its safety
profile, and those who remain fierce opponents, citing many different reasons. Research
is required to look deeper into developing strategies to improve the efficacy of drugs and
significantly reduce toxicity.

In this paper, we have reviewed the available data regarding mCHT in ABC patients,
seeking to highlight the lights and shadows of this strategy. Among the “lights” of mCHT,
we considered the safety profile of the different drugs as options for treatment of ABC
patients, alone or in combination with targeted agents, and the data regarding QoL. As
well covered in the literature analysis by Lien et al. [65], despite differences in reporting,
mCHT has been found to lead to low toxicity rates, in particular no toxicity affected more
than 6% of all pooled patients. This represents, in our opinion, the brightest light of mCHT.

In the preclinical setting, we evaluated as “lights,” the well-described mechanisms
that prevent or block angiogenesis, mainly by inhibiting VEGF and, to some extent, the
effect of mCHT immunomodulation.
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Among the “shadows”, we discussed the absence of prospective randomised trials,
the design and the end-points adopted in some studies, and the heterogeneity of existing
schedules, even for the same drug. Recently, Mishra-Kalyani et al. considered the role
of control arms in oncology [67]; they suggest that, even though randomised control
trials allow for a comparison of treatment arms with minimal concern for confounding by
known and unknown factors, in some situations, and for some strategies, a randomised
study is not feasible. These authors suggest that, when such designs are not possible, the
incorporation of external control data into the study design could get around the obstacle.
In the absence of the possibility of conducting prospective randomised phase 3 studies in
different settings of BC and for different populations (TNBC, Luminal, HER2 + ve), we
hope that this suggested shortcut will allow a definitive comparison between standard and
metronomic strategies.

From the preclinical point of view, the “shadows” are represented by all the aspects
still to be clarified, including the different factors that might facilitate the use of combi-
natorial regimens of mCHT. These include understanding of the mechanisms of action of
metronomic schedules and the recognition and validation of predictive biomarkers, which,
if identified, would provide valuable support for clinical application.

Our aim is to encourage readers to extend the amount of available data collected
on mCHT for the treatment of ABC patients and, perhaps, to push them to consider this
strategy in their clinical practice for some patients, in some emergency situations, or in
low- or middle-income countries, where a low-cost strategy, such as mCHT, might partially
rebalance disparities.

5. Conclusions

The efficacy of other agents in mCHT treatment combined with antiangiogenic treat-
ment should be investigated. An example of a promising approach is the use of Bruton’s
tyrosine kinase (BTK) inhibitors, such as ibrutinib, which was developed to treat several
blood cancers, but has recently been shown to act effectively in solid tumours [68,69]. These
drugs hit multiple targets and are associated with numerous expected outcomes. It has
already been shown that ibrutinib has an antimetastatic effect on MCF-7 cells by activating
the MAPK/NF-kB/AP-1 pathway and inhibiting MMP-9 expression [70]; reducing the
viability of Erb2-positive (Erb2+) breast cancer cell lines by inhibiting the phosphorylation
of receptor tyrosine kinases ErbB1, ErbB2, ErbB3 [71]; inhibits xenograft tumour growth
by decreasing HER2, BTK, Akt, Erk, and increasing cleaved caspase-3 [72]; and affects
anti-tumour immunity by reprogramming myeloid-derived suppressor cells (MDSCs) to
mature DCs thus preventing tumour growth and metastasis, as demonstrated in a murine
model of breast cancer [73].

Preclinical models of breast cancer could be developed to gain a more in-depth un-
derstanding of the basis of resistance, relapse, or progression of mCHT therapy, as well
as to perform precise therapeutic tests of mCHT treatment by using mice with metastatic
disease or mice carrying patient-derived breast cancer tissue, to characterize and improve
the efficacy of antitumor combination therapies in vivo, as suggested by Kerbel [74].

From this extensive analysis focused on lights and shadows, we can conclude that
mCHT per se is not associated with severe toxicities, especially haematological or gastro-
intestinal effects, as detailed in the studies reported in this review, and as described in
other similar papers [75,76]. However, mCHT loses this advantage, which is peculiar to
this method, when different agents, with their related toxicities, or other chemotherapy
drugs administered at standard doses, are co-administered [43,59].

Considering that improvement in the QoL of ABC patients, by reducing treatment
toxicity, is one of the main goals of the Global Alliance Against Cancer, we strongly
believe that current strategies, such as immunotherapy, should be studied in association
with mCHT.
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Global efforts should be combined so as not to throw away such a precious amount of
data. More modern study designs should be used to clearly demonstrate if mCHT should
be incorporated into our current strategies for treatment.
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Abstract: Despite the significant expansion of the therapeutic armamentarium associated with
the introduction of novel endocrine therapies, cytotoxic agents, radiopharmaceuticals, and PARP
inhibitors, progression of metastatic castration-resistant prostate cancer (mCRPC) beyond treatment
options remains the leading cause of death in advanced prostate cancer patients. Metronomic
chemotherapy (MC) is an old concept of wise utilization of cytotoxic agents administered continuously
and at low doses. The metronomic is unique due to its multidimensional mechanisms of action
involving: (i) inhibition of cancer cell proliferation, (ii) inhibition of angiogenesis, (iii) mitigation of
tumor-related immunosuppression, (iv) impairment of cancer stem cell functions, and (v) modulation
of tumor and host microbiome. MC has been extensively studied in advanced prostate cancer
before the advent of novel therapies, and its actual activity in contemporary, heavily pretreated
mCRPC patients is unknown. We have conducted a prospective analysis of consecutive cases of
mCRPC patients who failed all available standard therapies to find the optimal MC regimen for
phase II studies. The metronomic combination of weekly paclitaxel 60 mg/m2 i.v. with capecitabine
1500 mg/d p.o. and cyclophosphamide 50 mg/d p.o. was selected as the preferred regimen for a
planned phase II study in heavily pretreated mCRPC patients.

Keywords: metronomic chemotherapy; prostate cancer; CRPC; castration; cyclophosphamide;
capecitabine; paclitaxel; immunomodulation; angiogenesis; microbiome

1. Standard Systemic Treatment of Advanced Prostate Cancer

Endocrine therapy, basically androgen deprivation (ADT), is the standard treatment
of prostate cancer (PC). This neoplasm arises from prostate gland epithelial cells located in
lobules and ducts, whose growth and differentiation are tightly regulated by androgens,
mainly testosterone. Therefore, well-differentiated prostate cancers are usually susceptible
to androgen deprivation which allows for long-term inhibition of disease progression.
However, many prostate cancers are poorly differentiated (Gleason ≥ 8 or grading ≥ 4),
and therefore the sensitivity to endocrine treatment is low and short. Historically, surgical
castration, and later, pharmacological castration, represented the only option of systemic
treatment with proven activity in prostate cancer, and chemotherapy was generally as-
sumed as not active in this disease [1]. The development of resistance to androgen depriva-
tion (castration) is usually associated with increased expression and/or hypersensitivity
of androgen receptors in PC cells and autocrine and paracrine production of androgens
beyond the control hypothalamus–pituitary–gonadal axis [2,3]. Therefore, since, at the
initial stage of castration resistance, PC cells demonstrate increased instead of decreased
endocrine sensitivity, novel generations of hormonal agents like abiraterone acetate or irre-
versible androgen receptor (AR) blockers (enzalutamide, daralutamide, and apalutamide)
could show high anticancer activity leading to prolonged disease control and improved
patients’ outcomes [4–8]. However, prostate cancer cells will ultimately become resistant
to endocrine treatment by activating various hormone-unrelated molecular mechanisms,
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leading to increased aggressiveness and proliferation. However, these features of castration-
resistant prostate cancer reflect increased sensitivity of PC cells to antiproliferative cytotoxic
agents such as microtubule inhibitors. Docetaxel was the first chemotherapy drug shown,
in 2004, to improve the overall survival of metastatic castration-resistant prostate cancer
(mCRPC) patients [9]. Additionally, due to its inhibitory impact on AR transcriptional ac-
tivity, docetaxel’s antitumor potential was also confirmed in metastatic castration-sensitive
PC (mCSPC), where it was combined in first-line of treatment with androgen depriva-
tion [10,11]. The increased chemotherapy sensitivity of CRPC cells, which results from
AR-independency and increased proliferation rate, is not restricted to a single class of cyto-
toxic drugs (microtubule depolymerization inhibitors—taxanes). In hormone-refractory PC,
various cytotoxic agents have demonstrated clinical activity, but only large phase III clinical
studies on taxanes had sufficient power to prove a significant improvement of outcomes
with the use of chemotherapy.

With the widespread of novel, highly active endocrine agents, the incidence of a previ-
ously rare phenomenon of neuroendocrine differentiation increased significantly [12]. Cells
with neuroendocrine features occur in approx. 1% of primary prostate tumors, but neuroen-
docrine differentiation is present in 25% of end-stage metastatic castration-resistant disease
cases [13]. The loss of adenocarcinoma phenotype and transformation into small cells with
neuroendocrine features is one of the ways the androgen-deprived PC utilizes to get rid
of androgen dependency. Characteristic features of small-cell neuroendocrine tumors are
high aggressiveness, rapid proliferation, and sensitivity to chemotherapy platinum-based
regimens usually used to treat neuroendocrine cancers such as small-cell lung cancer [14].
However, the sensitivity of prostate cancer to platinum compounds, which is atypical for
this tumor besides neuroendocrine differentiation, can also result from prostate cancer ge-
netic background. Inherited mutations of genes responsible for homologous recombination
(homologous recombination deficiency—HRD) are relatively rare, with germinal mutations
of the two most important cancer predisposition genes—BRCA1 or BRCA2 found in 0.4%
and 1–2% of PC patients, respectively [15,16]. On the other hand, somatic or germinal
mutations in genes responsible for double-strand DNA repair can be detected in 11.8% of
tumor tissues from mCRPC patients [17]. Moreover, in a screening phase of a phase III
study evaluating olaparib in mCRPC patients, at least one mutation/deletion (germline or
somatic) within 15 genes responsible for homologous recombination was detected in 28% of
patients (778 of 2792 tumors with HRD) [18]. Deleterious mutations in BRCA1 and BRCA2
genes in prostate cancer cells are predictive of the olaparib activity, which has been shown
to significantly improve the overall survival of advanced mCRPC patients. However, recent
data suggest the presence of HRD is also predictive of the activity of DNA-damaging
cytotoxic agents. Therefore, in heavily pretreated mCRPC patients alkylating agents such
as platinum compounds or cyclophosphamide can be more effective than previously, based
on data from clinical studies conducted 2–3 decades ago, considered.

2. Challenges Associated with the Use of Standard Chemotherapy in Prostate Cancer

Prostate cancer is relatively resistant to chemotherapy. Before the introduction of
docetaxel, the only available cytotoxic drug with any activity against prostate cancer
was mitoxantrone [19]. However, when combined with prednisone, the benefit of this
topoisomerase II inhibitor was superior to prednisone alone only in terms of pain control
and quality of life, but not in terms of overall survival. In 2004, docetaxel was approved for
the treatment of mCRPC patients based on two landmark studies—TAX327 and SWOG
9916, which demonstrated significant improvement in OS with docetaxel-based regimens
compared to mitoxantrone [9,20]. Particularly, in TAX327 study, which compared 3-weekly
docetaxel (75 mg/m2 q3w) with weekly docetaxel (30 mg/m2 q1w) and with mitoxantrone
(all drugs combined with prednisone 10 mg/daily), the 3-weekly regimen significantly
improved median OS compared to mitoxantrone (HR = HR = 0.79, 95%CI 0.67–0.93) [9].
The median OS was 19.2, 17.8, and 16.3 months, in docetaxel q3w, docetaxel q2w, and
mitoxantrone arms, respectively. Additionally, both docetaxel-based regimens significantly
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improved patients’ quality of life (QOL) compared to mitoxantrone [21]. However, the
significant improvement of outcomes with docetaxel administered at 3-week intervals came
at the cost of increased toxicity. Grade ≥ 3 adverse events such as neutropenia, fatigue,
diarrhea, neuropathy, stomatitis, dyspnea, and peripheral edema were significantly more
frequent in docetaxel q3w than mitoxantrone arm.

The toxicity of standard docetaxel dose can be reduced by administering the drug
in shorter intervals at a reduced dose. The TAX327 study has not confirmed the clinical
utility of weekly docetaxel at 30 mg/m2, but a phase III study of a Scandinavian PROSTY
group demonstrated at least similar activity of biweekly docetaxel 50 mg/m2 compared to
the standard dosing. The biweekly administration of docetaxel was associated with signif-
icant improvement of the primary endpoint, which was time-to-treatment failure (TTF),
compared to the 3-weekly regimen [22]. The median TTF was 5.6 months vs 4.9 months,
for 2-weekly and 3-weekly regimens, respectively. Typical adverse events occurred less
frequently with the lower, biweekly dose of docetaxel. Unexpectedly, secondary endpoints
such as OS and PFS were significantly improved with biweekly docetaxel. There were
statistically significant differences in overall QOL values and pain values favoring the
biweekly treatment arm regarding patient-reported outcomes [23].

Over time, despite numerous attempts to improve the activity of docetaxel-based
chemotherapy regimens by combining them with targeted agents, 3- or 2-weekly monother-
apy with docetaxel remained the chemotherapy of choice for mCRPC patients [24–28].

Another taxane, cabazitaxel, is the second and the last cytotoxic agent with proven,
significant activity in patients with advanced, castration-resistant prostate adenocarci-
noma. A phase III TROPIC study comparing cabazitaxel 25 mg/m2 q3w (+prednisone)
with mitoxantrone (+prednisone) in mCRPC patients following failure of docetaxel-based
chemotherapy demonstrated significant superiority of cabazitaxel [29]. The median OS
and PFS were 15.1 months vs. 12.7 months and 2.8 months vs 1.4 months in cabazitaxel
and mitoxantrone arms, respectively. The hazard ratio for death of men treated with cabaz-
itaxel compared with those taking mitoxantrone was 0.70 (95% CI 0.59–0.83). However,
again the improvement in outcomes came at the cost of increased toxicity; 5% of patients
treated with cabazitaxel and 2% treated with mitoxantrone died within 30 days of the
last infusion. Still, none of the deaths in the cabazitaxel arm was associated with disease
progression. The most frequent adverse events were associated with hematological toxicity
(neutropenia, leukopenia, and anemia), and neutropenic fever occurred in 8% of patients.
Subsequently, a non-inferiority phase III PROSELICA study aimed to compare a lower dose
of cabazitaxel (20 mg/m2 q3w) with the standard dose [30]. The non-inferiority endpoint
of at least 50% of OS benefit with low-dose cabazitaxel compared to the standard dose
was achieved. Grade ≥ 3 adverse events were 39.7% for the low-dose cabazitaxel and
54.5% for the standard dose. Health-related quality of life did not differ between cohorts.
However, significant differences were observed in favor of standard-dose cabazitaxel for
PSA response and time to PSA progression (HR = 1.195; 95% CI 1.025 to 1.393).

There is no doubt that improvement in outcomes of prostate cancer patients achieved
with taxane-based chemotherapy regimens came at the cost of toxicity, which, especially in
elderly and fragile patients, may represent a significant drawback. However, attempts to
optimize chemotherapy with dose reduction or decreased intensity may lead to inferior
outcomes in at least a fraction of mCRPC patients in a real-world setting. Moreover,
most mCRPC patients treated in clinical practice are old and present with a deteriorating
performance status due to advanced disease and long-term systemic treatment. Therefore,
after docetaxel treatment failure, many of them are no more candidates for further, intensive
anticancer treatment, including but not restricted to cabazitaxel-based therapy. Since there
is no further treatment option for many of such patients but hospice care, novel, low-toxic
therapeutic approaches that would give a chance to improve survival and maintain quality
of life, such as metronomic chemotherapy, are urgently needed.
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3. Metronomic Chemotherapy—Mechanisms of Action

Metronomic chemotherapy (MC) is a concept of continuous administration of cytotoxic
drugs at low doses. Unlike standard chemotherapy regimens, which usually use maximal-
tolerated doses (MTD) of chemotherapeutics and require long (usually >2 weeks) recovery
periods, the metronomic chemotherapy safety profile allows for continuous, very frequent
drug administration [31,32]. Metronomic chemotherapy is mainly based on oral drugs,
which patients can take even several times a day. Standard chemotherapy regimens based
on MTD are very useful for treating aggressive cancers with a high proliferation rate [33,34].
Highly proliferating tumors, in which 90–100% of cells are actively dividing, can wholly
and rapidly respond to aggressive chemotherapy. However, the usual proliferation rate
of most solid tumors in adults is lower, and Ki67 scores are far below 50% (often below
15% [35,36]), which means that far beyond 50% of tumor cells (non-proliferating cells) can
survive administration of chemotherapy at MTD at wide intervals. In order to control such
slowly proliferating tumors, tumor cells must be exposed continuously to antiproliferative
agents which will impede cellular division whenever it occurs. It is thus clear that such a
long-term exposure of tumor cells to anticancer agents can only be achieved by continuous
administration of cytotoxic drugs. However, the MC not only means continuous inhibition
of tumor-cell proliferation but also activation of other, clinically essential mechanisms of
action, which represent crucial hallmarks of metronomic chemotherapy.

3.1. Inhibition of Angiogenesis

Angiogenesis is a crucial step in tumor development since its overgrowth beyond
2–3 mm in diameter must be associated with the development of tumor-associated vascula-
ture [37]. The angiogenic switch is related to releasing proangiogenic factors by hypoxic
cancer cells, which stimulate endothelial cells in nearby blood vessels to proliferate and
migrate towards the tumor center. Some initial observations suggested that many cytotoxic
drugs could inhibit the activation of endothelial cells, but the effect subsided during the
withdrawal of medications in treatment-free intervals [38]. Therefore, the antiangiogenic
potential of standard MTD-based chemotherapies is, at best, weak and intermittent. In
contrast, metronomic chemotherapy administered continuously exerts continuous antipro-
liferative activity on endothelial cells, thus inhibiting their potential to create pathological
vasculature. Numerous studies showed that metronomic chemotherapy inhibited the
proliferation and circulation of endothelial cells and endothelial progenitor cells (CEPs) and
reduced the differentiation of immature endothelial cells [39–41]. Moreover, MC can inhibit
the secretion of proangiogenic factors by directly inhibiting hypoxia-inducible factor 1α
(HIF1α) activity in tumor cells while simultaneously increasing the production of antian-
giogenic molecules. It has been recently demonstrated that MTD-based chemotherapy can
promote metastatic dissemination via activation of a transcriptional program dependent
on HIF-1α and HIF-2α, and that this effect could be mitigated by switching from MTD to
metronomic chemotherapy [42]. Bocci et al. demonstrated that metronomically adminis-
tered cyclophosphamide inhibits the synthesis of thrombospondin-1 (TSP-1) and directly
mediates growth arrest and apoptosis of endothelial cells.

Additionally, they showed the inhibition of angiogenesis in human tumor-bearing im-
munodeficient mice treated with low daily doses of CTX [43]. Later, it was demonstrated by
several groups that the antiangiogenic effect is not restricted to cyclophosphamide but can
be observed with many chemotherapy drugs administered in a metronomic manner [44,45].
Over the years, it turned out that metronomic chemotherapy stimulates the production of
numerous antiangiogenic factors such as: endostatin, angiostatin, soluble VEGF receptors
(sVEGFRs), and pigment epithelium-derived factor (PEDF) [46].

3.2. Immunomodulation

The immunological effects of chemotherapeutic drugs are extremely diverse and com-
plex [47,48]. The classical assumption was that standard MTD-based chemotherapy is
highly immunosuppressive, owning to its myelosuppressive activity. However, many
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studies suggested that chemotherapy-induced myelosuppression correlates with improved
outcomes [49]. In a retrospective analysis of the TROPIC trial, severe neutropenia in
mCRPC patients with initially high NLR (neutrophil-to-lymphocyte ratio) treated with
cabazitaxel was associated with significantly improved OS and PFS [50]. It is, however, un-
known whether these improved outcomes resulted from depletion of immunosuppressive
mononuclear cells or whether the neutropenia only reflected the high cytotoxic activity of
cabazitaxel in particular patients. On the other hand, a significant amount of data supports
the beneficial impact of metronomic chemotherapy on anticancer immune responses. The
immunostimulatory effects of metronomic chemotherapy include (i) induction of immuno-
genic cancer cell death [51], (ii) preferential depletion of regulatory T (Treg) cells [52–55],
(iii) enhancement of antigen-presentation through stimulation of dendritic cells activity
(DC) [56] and increased immunogenicity of cancer cells [57], (iv) inhibition of myeloid-
derived suppressor cells (MDSC) [58], and (v) activation of immune effector cells, such as
tumor-specific T cells [59,60] and γδT cells [61].

3.3. Targeting Cancer Stem Cells

Cancer stem cells (CSC) represent a population of cancer-initiating cells character-
ized by a slow proliferation rate, self-renewal capability, and resistance to chemotherapy
and irradiation. In various in vitro models, metronomic chemotherapy impeded the sur-
vival and proliferation of CSCs. In a pancreatic tumor xenograft model, metronomic
administration of cyclophosphamide reduced the number of CD133+ precursor cells and
CD133+/CD44+/CD24+ cancer stem cells [62]. Similarly, metronomic, but not MTD-based,
cyclophosphamide inhibited the function of C6 rat glioma CSCs [63]. In a preclinical model
of luminal breast cancer, metronomic paclitaxel reduced the population of CD44+/CD24-
stem cells [64]. Expansion of stem-like tumor-initiating cells correlates with the devel-
opment of chemoresistance and metastatic potential of cancer cells. In animal models,
MTD chemotherapy, regardless of cytotoxic agents used, induced persistent STAT-1 and
NF-κB activity in carcinoma-associated fibroblasts leading to secretion of CXCR2-activating
chemokines [65]. Stimulation of CXCR2 on cancer cells converts them into tumor-initiating
CSC responsible for invasive behaviors and paradoxically enhanced tumor aggression after
therapy. In contrast, the same overall dose of cytotoxic agents administered as an MC
regimen prevented therapy-induced CXCR2 paracrine signaling, thus enhancing treatment
response and extending the survival of tumor-bearing mice [65].

3.4. Modulation of Gut and Tumor Microbiome

Over the last few years, increasing attention has been paid to the host gut microbiome
defined as the collection of genomes from all microorganisms in the gastrointestinal tract,
especially within the intestines. However, it has been demonstrated that the microbiome
in general (not only the gut, but also local or even intratumoral microbiome) is associated
with the pathogenesis of various cancers such as colorectal, breast, ovarian, lung, and
prostate cancers [66–70]. For example, compared to a healthy population, the fecal gut
microbiome in CRC patients is enriched with Prevotella, Collinsella, and Peptostreptococcus
and contained significantly lower concentrations of Escherichia-Shigella [70]. The gut
microbiota of patients diagnosed with PC on transrectal biopsy was significantly enriched
with Bacteroides spp. compared to patients with negative biopsy results [71]. In prostate
cancer, the microbiota of tumor and peri-tumoral regions had higher relative abundance of
Staphylococcus spp. than normal areas. Still, the normal areas had a higher abundance of
Streptococcus spp. than the tumor and the peri-tumoral regions [72].

With the advent of novel immunotherapies, the role of the microbiome has become
even more important in the context of its significant role in shaping responses to checkpoint
inhibitors. The gut microbiota plays an important role in regulating systemic immune
responses [73–75], and the role of intestinal microbiota in mediating immune activation in
response to chemotherapeutic agents has been clearly demonstrated [76,77]. In an animal
melanoma model, the presence of Bifidobacterium correlated with the activation of antitu-
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mor immune mechanisms by anti-PD1 checkpoint inhibitors, and oral administration of
Bifidobacterium alone improved tumor control to the same degree as PD-L blockade [78].
Moreover, a combination of anti-PD-L1 antibody with oral administration of Bifidobacterium
completely blocked the growth of melanoma tumors in mice. Many studies showed that
administration of wide-spectrum antibiotics before initiation of treatment with checkpoint
inhibitors could completely abolish the efficacy of immunotherapy in patients with various
tumors [79–82]. Similar observations on the lack of activity of checkpoint inhibitors come
from studies in germ-free animals that resemble the effect of gut microbiome eradication
with the use of antibiotics. Transplantation of fecal microbiota from immune-responding
melanoma patients into germ-free mice leads to improved tumor control, augmented T cell
responses, and greater efficacy of anti-PD-L1 therapy [83]. Similarly, fecal transplantation
from responding melanoma patients into germ-free or antibiotic-pretreated mice could
restore antitumor immune responses and induce rejection of implanted tumors, which
was not observed when such animals were transplanted with fecal microbiota from non-
responding patients [84]. The observation in animal models has been recently replicated in
humans. In a phase II clinical trial, 15 melanoma patients refractory to anti PD-1 therapy re-
ceived responder-derived fecal microbiota transplantation combined with pembrolizumab.
Of the 15 treated patients, 6 achieved clinical benefit (one partial response and five dis-
ease stabilization) and durable changes in microbiome composition. Responding patients
demonstrated an increased abundance of taxa known to be associated with response to anti-
PD-1, increased CD8+ T cell activation, and decreased frequency of interleukin-8-expressing
myeloid cells [85].

Escherichia coli, a common species found in benign prostate hyperplasia (BPH) tissue,
induces inflammation and tissue damage leading to neoplastic transformation in prostate
epithelial cells. Ma et al. demonstrated that specific microbes, such as Listeria monocytogenes,
Lactobacillus crispatus, and Thermus thermophilus, prevented tumor formation and growth,
while other microbes, such as Nevskia ramosa and S. aureus, displayed cancer-promoting
properties by inducing inflammation, immunosuppression, and promoting prostate cancer
stem cells (PCSC) responsible for the development of metastases [86]. Ma et al. have
demonstrated that particular bacterial species—Listeria monocytogenes, Methylobacterium
radiotolerans JCM 2831, Xanthomonas albilineans GPE PC73, and Bradyrhizobium japonicum—
correlated respectively with well-differentiated phenotype, earlier disease stage, lower
PSA level, and lower AR expression. A particular species of Bacteroides, which is a genus
of Gram-negative, anaerobic bacteria, may contribute to the development of high-risk
prostate cancer.

The impact of metronomic chemotherapy and its difference from MTD-based mi-
crochemotherapy on the gut and intratumoral microbiome is not well recognized yet. An
observational study by Zhu et al. suggested that gut microbiota diversity is higher in breast
cancer patients than in healthy controls [87], but additional studies demonstrated that the
diversity could be decreased with the use of metronomic capecitabine, but not MTD-dosed
chemotherapy [88]. Since the impact of MC on tumors and host microbiomes can represent
a novel mechanism action of MC, we have initiated a prospective analysis of the impact
of various metronomic chemotherapy regimens in breast, ovarian, and prostate cancer
patients, and the preliminary results shall be posted soon.

4. Metronomic Chemotherapy in Prostate Cancer

Various metronomic chemotherapy-based regimens have been evaluated in advanced
PC patients over the last three decades. However, most studies were conducted before
the introduction of novel hormonal or cytotoxic agents such as abiraterone acetate, en-
zalutamide, apalutamide, darolutamide, or cabazitaxel. All the above agents have been
approved for the treatment of CRPC patients based on large, well-conducted phase III
clinical trials. In comparison, the benefit of MC has been usually evaluated in small,
non-randomized trials or retrospective analyses. Accordingly, metronomic chemotherapy
should not be considered as a standard option at the early stages of mCRPC, if highly
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active, well-tolerated novel hormonal agents are freely available. Therefore, MC represents
a therapeutic option in mCRPC who failed all available therapies, are unfit for standard
chemotherapies, or have no access to standard mCRPC treatments, e.g., in low- or middle-
income countries [89]. Nevertheless, many studies demonstrated the activity of MC in
advanced mCRPC patients before the advent of novel, active therapies dedicated for this
population. Selected studies are summarized in Table 1. In addition to showing the antitu-
mor activity of MC, which was reflected by biochemical responses (PSA decline) in 30–50%
of patients, all of the summarized studies demonstrated a very favorable safety profile of
MC. This observation underscores the clinical utility of MC, especially in elderly and frail
patients, who represent the majority of mCRPC patients. In a recent study, Calvani et al.
demonstrated that metronomic cyclophosphamide (50 mg/d p.o.) combined with corticos-
teroids (dexamethasone 1 mg/d p.o. or prednisone 10 mg/d p.o.) induced biochemical
responses (at least 50% PSA reduction) in half of the studied population. However, only two
analyzed patients could be considered standard contemporary candidates (pretreatment
with docetaxel and novel hormonal agents) for metronomic chemotherapy. Therefore, it
is still challenging to draw any conclusions regarding the actual utility of MC in heavily
pretreated mCRPC patients since many of the old studies included mCRPC patients for
whom, nowadays, at least 1–2 standard treatment options are routinely available. Addi-
tionally, most of the listed studies combined MC with steroids (especially dexamethasone),
which further complicates the validation of the plain MC activity in mCRPC patients.
Several studies have recently demonstrated that a simple switch from prednisone to dex-
amethasone in mCRPC patients treated with an abiraterone + prednisone combination can
lead to profound biochemical responses [90–92]. This observation underscores the risk of
overestimating the benefit of MC, especially when patients are simultaneously receiving
dexamethasone as a part of an antitumor treatment strategy for the first time. There is only
a single study evaluating the activity of metronomic chemotherapy in pretreated (docetaxel
and ≥1 novel endocrine agent) mCRPC patients. In such mCRPC patients, single-agent
cyclophosphamide led to a relatively low rate of PSA responses (16%), with PSF and OS of
4 and 8.1 months, respectively. This study demonstrates that the promising activity of MC
observed before the era of novel therapies may not be easily reproducible in contemporary,
standardly pretreated mCRPC patients.

Table 1. Studies evaluating metronomic chemotherapy in prostate cancer.

Regmien
Number of

Patients
Biochemical Response
(>50% PSA Reduction)

PFS/OS
(Months)

Ref

CTX 50 mg p.o. + DEX 1 mg p.o. 34 39% NR/NR [93]
CTX 50 mg p.o. 58 34.5% 1 NR/NR [94]

CTX 500 mg/m2 i.v. induction (day 1.) → CTX 50 mg/d
p.o. + CXB 200 mg p.o. bid + DEX 1 mg/d p.o.

28 32% 3.0/21.0 [95]

CTX 50 mg p.o. + DEX 1 mg p.o. 17 24% NR/24.0 [96]
CTX 50–100 mg p.o. + prednisone 10 mg/d p.o. 18 44% 1 4.7/NR [97]

CTX 50 mg p.o. + prednisone 10 mg/d p.o. 23 26% 6.0/11.0 [98]
VRB 25 mg/m2 iv 12× qw → q2w + prednisone 10 mg/d p.o. 14 36% 4.5/17 [99]

CTX 50 mg/d + MTX 2.4 mg po twice a week 58 25% 5.2/11.5 [100]
CTX 100 mg/d p.o. UFT 400 mg/d p.o. DEX 1 mg/d p.o. 57 63% 7.2/NR [101]

CAP 1000 mg bid p.o. d 1–14 q21 + CTX 50 mg/d
p.o. + thalidomide 100 mg/d p.o. + prednisone 5 mg bid p.o. 28 35.7% 4.7/19.5 [102]

DXL 35 mg/m2 i.v. qw + CAP 625 mg/m2 bid d 5–18 q4w
(4 cycles)

44 68% NR/17.7 [103]

CTX 50 mg/d p.o. + DEX 1 mg/d p.o. 24 33% 5.0/19.0 [104,105]
CTX 50 mg/d p.o. + DEX 1 mg/d p.o. 37 51% 11.0/28.0 [105,106]

CTX 50 mg/d p.o. 2 74 16% 3.0/7.5 [106]

CTX—cyclophosphamide, VRB—vinorelbine, MTX—methotrexate, UFT—Tegafur/uracil, DXL—docetaxel,
CAP—capecitabine, DEX—dexamethasone, PFS—progression-free survival, OS—overall survival, NR—not
reported, 1—any PSA decrease, p.o.—oral administration, i.v.—intravenous administration, bid-twice daily,
2—typical, contemporary mCRPC patients (pretreated with DXL and novel endocrine agents).
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5. Our Hunt for an Optimal MC Regimen in mCRPC Patients

We have conducted a prospective analysis of consecutive cases of patients treated
with various MC regimens to find the most optimal MC combination for a subsequent
phase II study. In order to define the real benefit of MC, none of the mCRPC patients was
allowed to receive corticosteroids but all continued on pharmacological castration with
LHRH analogs. The analysis included nine heavily pretreated patients (median two lines of
systemic treatment for mCRPC) and the majority of patients were initially diagnosed with
aggressive PC (median Gleason score of 9). Patients received the following combinations—
(i) cyclophosphamide 50 mg/d p.o. + vinorelbine 30 mg q2d p.o. (two patients), (ii) cisplatin
25 mg/m2 i.v. qw + cyclophosphamide 50 mg/d p.o. (two patients), (iii) paclitaxel
60 mg/m2 qw + capecitabine 1500–2000 mg/d (depending on patient weight) p.o. (two
patients), (iv) paclitaxel 60 mg/m2 qw + capecitabine 1500 mg/d p.o + cyclophosphamide
50 mg/d (three patients). The biochemical responses (PSA decline by ≥50%) were observed
in 0%, 50%, 100%, and 100% of patients, respectively. The patients tolerated all analyzed
regimens very well, with G1–2 myelotoxicity being the most common adverse event. Based
on the prospective analysis of consecutive cases of mCRPC patients treated with MC, the
paclitaxel + capecitabine + cyclophosphamide combination has been chosen for further
evaluation in a planned phase II clinical trial.

The choice of paclitaxel as a compound for our MC regimen requires explanation.
Although cabazitaxel (the new-generation taxoid) is an active and approved agent for the
treatment of docetaxel-pretreated mCRPC [50,107,108] patients and studies on standard-
dose of paclitaxel failed to demonstrate its activity in prostate cancer [109]; some recent
intriguing data justify the choice of paclitaxel as an element of our MC regimen. It is well
known that paclitaxel, administered weekly, exerts robust antiangiogenic activity [110–112].
Our choice of paclitaxel in mCRPC is also justified by a recent study comparing weekly
paclitaxel with cabazitaxel in advanced breast cancer. The study aimed to demonstrate the
superiority of cabazitaxel 25 mg/m2 q3w over weekly paclitaxel as a first-line treatment
in 158 patients with metastatic breast cancer, many of whom have previously received
docetaxel in the neoadjuvant or adjuvant setting. Surprisingly, both drugs demonstrated
similar OS, PFS, and ORR [113], thus suggesting the need for reevaluation of weekly
paclitaxel in docetaxel-pretreated mCRPC patients.

6. Conclusions

Metronomic chemotherapy represents a unique treatment option for many advanced
cancer patients, including those diagnosed with mCRPC. However, it should be not consid-
ered as a first-line option in chemotherapy-fit mCRPC patients due to the lack of robust,
prospective data suggesting its equality to standard treatment options, including novel an-
tiandrogen agents (abiraterone, enzalutamide, darolutamide, and apalutamide) [4,6–8,114],
chemotherapeutic agents (docetaxel and cabazitaxel) [21,22,115], or novel targeted thera-
pies (olaparib in HRD mCRPC or Lutetium-177–PSMA-617) [18,116]. The use of MC based
on the current state of knowledge should be restricted, in a typical population of mCRPC
patients, to later lines of treatment, where no standard treatment options nor dedicated
clinical trials are available. Moreover, recent disappointing data on the lack of activity of
novel immunotherapies in mCRPC when administered as single agents [117] represent an
intriguing hint to combining checkpoint inhibitors with immunomodulating MC regimens.
However, the MC remains an option for earlier lines of therapy in fragile, elderly patients in
whom standard treatment options (especially bi- or three-weekly chemotherapy regimens)
may be intolerable. There is also no doubt that MC, with its multidirectional mechanism
of action, represents a treatment option for mCRPC patients in low- and middle-income
patients who do not have access to still relatively novel and expensive anticancer agents.
Therefore, studies on metronomic chemotherapy in various clinical settings are critical
from a global perspective.
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Abstract: We report a retrospective case series of six Hispanic children with tumors treated with
metronomic chemotherapy. The six cases comprised one rhabdoid tumor of the kidney, one ependy-
moma, two medulloblastomas, one neuroblastoma, and a type II neurocytoma of the spine. Treatment
included oral cyclophosphamide daily for 21 days alternating with oral etoposide daily for 21 days in
a backbone of daily valproic acid and celecoxib. In one case, celecoxib was substituted with sulindac.
Of the six patients, three showed complete responses, and all patients showed some response to
metronomic therapy with only minor hematologic toxicity. One patient had hemorrhagic gastritis
likely associated with NSAIDs while off prophylactic antacids. These data add to a growing body of
evidence suggesting that continuous doses of valproic acid and celecoxib coupled with alternating
metronomic chemotherapy of agents such as etoposide and cyclophosphamide can produce responses
in pediatric tumors relapsing to conventional dose chemotherapy.

Keywords: metronomic chemotherapy; pediatric tumors; cyclophosphamide; etoposide; valproic acid

1. Introduction

Metronomic chemotherapy involves the continuous low-dose administration of
chemotherapeutic drugs, and it is currently undergoing clinical evaluation for the treatment
of various pediatric and adult malignancies [1–6]. For example, for adult tumors, a phase
III clinical trial of metastatic colorectal cancer with maintenance metronomic capecitabine
plus bevacizumab was reported, as were results of a phase III trial in early-stage breast can-
cer treated with bevacizumab plus metronomic cyclophosphamide and capecitabine [7,8].
For pediatric tumors, a number of phase II clinical trials have reported promising anti-
tumor activity of metronomic chemotherapy, and these studies include those of Kieran
and colleagues [9,10], of Andre and colleagues [11–17], and of the Baruchel group [18].
For both adult patients and pediatric tumors, the low toxicity that is frequently observed
with this treatment strategy coupled with its (often) relatively low costs [4] make it an
attractive treatment option. Preclinical studies [2,19,20] have shown that metronomic
chemotherapy acts via inhibition of tumor angiogenesis, although additional mechanisms
such as activation of the immune system have been proposed for regimens such as low-dose
cyclophosphamide [21].

Metronomic chemotherapy may involve monotherapies, e.g., daily oral cyclophos-
phamide (CTX), but it can also be used to describe metronomic drug cocktails [22,23],
including protocols that administer up to five different drugs [10] or more [24,25]. There
are also evaluations involving the cyclical use of different drugs, an example of which is the
work by Kieran and colleagues [9,10] on pediatric tumors. Here, we describe six children
with pediatric cancer treated with cyclic alternating metronomic chemotherapy between
2002 and 2017.
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These children had failed standard first line and salvage therapy and had refused or
had no access to phase I or II studies. They were the only patients treated with this regimen
during this period of time. The intention of the treatment was to provide palliation to
children with refractory cancer that had exhausted all the therapeutic options available at
the time and when parents requested additional treatment to prolong their children’s life. It
was not done to prove the validity of a metronomic regimen. The parents where consented
to use a palliative regimen without curative intent so that they would understand the
expected side effects of the individual drugs. They understood that it was not known if
this treatment would prolong their life or not, and that the palliation was not done in the
context of a study.

Metronomic chemotherapy included alternating 21-day cycles of etoposide (VP16) and
CTX, along with the continuous administration of celecoxib and valproic acid. Sometimes
due to individual reasons only celecoxib or valproic acid was used and sometimes celecoxib
was substituted with sulindac. Oral continuous CTX at 50 mg/m2/day had previously
been used in metronomic regimens with minimal toxicity [26]. Oral VP16 at 50 mg/m2/day
for 21 days was chosen on the basis of evidence that continuous low-dose etoposide could
enhance tumor cytotoxicity while lowering the risk of acute myeloid leukemia [27], and
that 21 days of this dose with a 1 week rest had achieved partial response with moderate
toxicity in recurrent disseminated medulloblastoma [28]. Alternating cycles of these drugs
were chosen to decrease hematologic toxicity from etoposide and the emergence of drug
resistance to either drug alone. Dose reduction was allowed for hematologic toxicity. Cele-
coxib is a selective COX2 inhibitor that has been well tolerated without cardiac toxicity at a
dose of 2–16 mg/kg/day for prevention of adenomatous polyps in children [29]. The COX2
pathway is known to be involved in angiogenesis [30], and inhibition of angiogenesis has
been reported to produce enhance the antitumor effects of metronomic chemotherapy [31],
for which celecoxib was chosen at a dose of 250 mg/m2/dose twice a day (equivalent
to 8 mg/kg/day). Valproic acid (VA) is a histone deacetylase (HDAC) inhibitor with a
long safety record in children with seizures that has shown antitumor effects in preclinical
models of medulloblastoma, for which it was chosen at the standard pediatric dose of
15 mg/kg/day in two divided doses [32,33]. Furthermore, a major reason for the choice of
these drugs was also their low toxicity profile, low cost, and availability. Medications were
administered as capsules (the exception was for patient 3, for whom the liquid preparation
of etoposide was mixed with cranberry juice). Our results suggest that this approach
showed promising antitumor activity in six pediatric cases, and we propose that a cyclical
regimen of 21 day VP16 followed by 21 day oral CTX on a backbone of continuous celecoxib
and VA be further evaluated in these settings.

1.1. Patient 1

Patient 1 was a Hispanic boy who presented with metastatic rhabdoid tumor of the
kidney at 34 months of life (Figure 1). He had a 7 cm × 11 cm mass in the left kidney,
retroperitoneum invasion, and extension into the renal vein and inferior vena cava. He had
metastasis to retroperitoneal lymph nodes and lungs, as well as rare micro-aggregates of
cohesive abnormal large mononuclear cells suggestive of metastatic malignant tumor in
the bone marrow by morphology alone (INH1 was not done). Bone marrow karyotype
was 46,XY with no abnormal clones. He received vincristine–irinotecan, followed by
cyclophosphamide–doxorubicin, followed by high-dose methotrexate as per regimen UH1
of AREN0321. This was followed by radical left nephrectomy at week 15. Subsequent eval-
uation revealed a residual 2 mm lung nodule but otherwise complete response. He subse-
quently received radiation to lungs and abdomen, followed by cycles of cyclophosphamide–
carboplatin–etoposide and vincristine–doxorubicin–cyclophosphamide. Evaluation at the
end of this therapy revealed recurrent disease to the lungs (two nodules measuring 3 mm
and 1.5 mm in diameter) and an abnormal bone marrow clone, t(5;17)(q13;p13) in 15%
of the cells. This cytogenetic abnormality has been previously reported in treatment-
related myeloid neoplasia [34], and its presence was worrisome for early development of
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this condition from conventional chemotherapy and radiation, but there was no morpho-
logic evidence of this entity at that time. No additional analysis was carried out, such as
evaluation of INI1 loss. He was subsequently started on a metronomic regimen of VP16–
CTX–celecoxib, and this maintenance regimen was effective at controlling the disease with
no recurrent rhabdoid tumor or changes in the pulmonary nodules. Metronomic doses were
as follows: VP16 37.5 mg/m2 PO daily days 1–21, followed CTX 50 mg/m2 PO daily days
22–42. Celecoxib was administered at 250 mg/m2 PO twice a day and VA 15 mg/kg/day
divided into two doses (dose adjusted to achieve levels of 100–150 ug/mL). He subse-
quently developed expansion of the original bone marrow clone (5;17)(q11.2p11.2) to 80%
of metaphase cells, for which metronomic therapy was changed to bevacizumab (5 mg/kg
every 3 weeks), temozolomide (60 mg/m2/day on days 1–21), CTX (25 mg/m2/day on
days 22–42), VA (15 mg/kg/day divided into two doses) and celecoxib (250 mg/m2 PO
twice a day) after 17 months of treatment. He subsequently developed myelodysplastic
changes consistent with treatment-related myeloid neoplasia, for which temozolomide
and CTX were stopped 12 months later. These bone marrow myelodysplastic changes
eventually progressed, in the absence of evidence of rhabdoid tumor reappearance, for
which celecoxib–VA–bevacizumab were stopped, and he had a related donor allogenic bone
marrow transplant 4 months later. He subsequently died of transplant-related infectious
complications. He did not have evidence of recurrent rhabdoid tumor according to imaging
studies at the time of his death. Autopsy was offered and declined. The rhabdoid tumor of
this patient effectively responded to the metronomic chemotherapy for a period of 3 years.

Figure 1. Patient 1: CT with contrast shows a large 11 × 7 cm left renal tumor with retroperitoneal
infiltration, regional metastatic retroperitoneal adenopathy, and extension to renal vein and inferior
vena cava. The patient also had innumerable solid circumscribed masses throughout the lung
parenchyma bilaterally (not shown).

1.2. Patient 2

Patient 2 was diagnosed with anaplastic ependymoma when he presented with right
hemianopsia, severe vision loss, and a 12 cm × 8 cm × 8 cm left temporo-occipital tumor
at 6 years of life. He had two consecutive surgeries to remove the tumor, but a 1 cm
unresectable lesion was left behind. He then received 5940 cGy field radiation to the tumor
bed. Three months after radiation, he developed seizures, transient right arm paralysis,
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and recurrent disease to the left cerebral hemisphere, for which he received vincristine,
carboplatin, and cyclophosphamide following the guidelines of ACNS0121 [35]. Three
months later, he developed progressive disease with a large infiltrative enhancing mass
(~5 cm) in the left temporal, occipital, and parietal lobes with involvement of the left
thalamus, internal capsule, left external capsule, and insula, as well as leptomeningeal
metastasis to the thoracic spine. He had no access to Phase I or II studies and was unable
to travel for lack of insurance and migratory status, for which treatment was changed to
palliation chemotherapy with oral VP16 (50 mg/m2/day for 21 days) alternating with oral
CTX (50 mg/m2/day for 21 days) and continuous celecoxib (120 mg/m2 PO bid) and VA.
Celecoxib was subsequently changed to sulindac (8 mg/kg/day) due to drug access issues.
He had an excellent response to palliation with resolution of all enhancing lesions and no
evidence of residual disease after 2 years of therapy. (Figure 2). About this time VA was
added to his seizure disorder management and continued until his last visit. He received
18 additional months of metronomic chemotherapy after complete response. He had no
evidence of recurrent disease when he was lost to follow up 8 years from initial diagnosis
and 4 years off metronomic chemotherapy. This patient showed complete response to the
metronomic regimen.

Figure 2. Patient 2: MRI shows confluent encephalomalacia gliosis in the left temporal and occipital
lobes. There was no evidence of mass or pathologic enhancement 8 years from diagnosis and 4 years
off therapy.

1.3. Patient 3

Patient 3 was a Hispanic girl diagnosed with medulloblastoma, when she presented
with ataxia, dysmetria, increased head circumference and hydrocephalus at 10 months of
age. She had gross total resection of a 5 × 5 × 4.5 cm posterior fossa tumor. Postoperative
MRI revealed gross total resection and partial decompression of the fourth, third, and
lateral ventricles. Following surgery, imaging studies showed no evidence residual disease
or leptomeningeal involvement. However, ventricular fluid had evidence of microscopic
disease with a five-cell cluster of malignant cells. Cerebrospinal fluid was negative. She
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received induction chemotherapy with cisplatin, cyclophosphamide, vincristine, and oral
etoposide, followed 4 months later by radiotherapy to the posterior fossa, followed by
another 8 months of chemotherapy as per POG 9631 [36]. Six months after therapy was
completed, microscopic relapse was documented in cerebrospinal fluid with three clusters
of malignant cells. Imaging studies failed to document gross leptomeningeal involvement.
She started metronomic chemotherapy for relapsed medulloblastoma with 21 days of oral
VP16 (35 mg/m2/day) every 28 days. After 7 months of oral VP16, persistent microscopic
disease was still present in the cerebrospinal fluid, and VA was added to the treatment. She
achieved remission 5 months later, and serial cerebrospinal fluids remained consistently
negative since then. She received a total of 39 months of metronomic chemotherapy
including 21 months of etoposide and 31 months of VA. She was free of disease 5 years
after metronomic chemotherapy was stopped.

1.4. Patient 4

Patient 4 was a Hispanic girl diagnosed with localized medulloblastoma without
desmoplastic or anaplastic features when she presented with headaches, emesis, and
blurred vision and a 4.9 × 4 × 4.5 cm heterogeneously enhancing tumor filling the fourth
ventricle with associated moderate obstructive hydrocephalus at 5 years of age. Following
gross total resection of the tumor, residual linear enhancement in the tumor bed was
documented. She subsequently received 2340 cGy radiation to the craniospinal axis with
a 3060 cGy boost to the posterior fossa (5400 cGy total) with concomitant vincristine
after surgery. This was followed by 8 months of maintenance with vincristine, cisplatin,
lomustine alternating with vincristine and cyclophosphamide as per ACNS0331 [37].

Three months off therapy, she developed a first relapse (Figure 3A) with recurrent
tumors in the anterior horn of the left lateral ventricle (two), posterior horn of the left
lateral ventricle (one), and anterior horn of the right lateral ventricle (one). CSF showed
one abnormal cell. She was treated with 7 weeks of temozolomide followed by 1400 cGy
of radiation to the ventricles and Gamma Knife surgery to a residual nodule, followed
by autologous peripheral blood stem-cell transplantation (PBSCT), followed by 6 months
of isotretinoin.

Three months later, she experienced a second relapse (Figure 3B) with a 1.7 × 1.4 × 0.5 cm
enhancing tumor in the fourth ventricle, for which she was started on metronomic chemother-
apy with alternating temozolomide (60 mg/m2/day; days 1–21) and CTX (30.9 mg/m2/day;
days 22–42), daily celecoxib (250 mg/m2) and VA (15 mg/kg), and bevacizumab (5 mg/kg)
every 3 weeks. After 3 months on metronomic chemotherapy (Figure 3C), a partial response
was documented with improved enhancing lesions in the dorsal brainstem and inferior
vermis. At 4 months (Figure 3D), she developed multiple cranial nerve neuropathies and
heterogeneous enhancement with mild increased volume at the left midbrain at the level of
the left cerebellar peduncle, for which temozolomide was changed to VP16 (24.6 mg/m2).
This was complicated by hematologic toxicity requiring several treatment interruptions
and VP16 dose reductions. After 8 months on treatment, MRI showed resolution of the
enhancing tumor, an interval decrease in T2 changes, and diffusion restriction in the left
cerebellar peduncle (Figure 3E). After 10 months on treatment (Figure 3F), she developed
an extensive infiltrative tumor involving the dorsal mesencephalon, pons, and lower brain-
stem, and she died of her disease 2 months later. This heavily treated patient refractory
to aggressive standard salvage therapy experienced 8 months of response and survived
12 months on metronomic chemotherapy.
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Figure 3. Cont.
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Figure 3. Cont.
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Figure 3. Patient 4: (A) image shows and enhancing tumor in the anterior horn of the left ventricle when
she presented with first relapse of medulloblastoma. She achieved complete remission with salvage
therapy; (B) image shows an enhancing tumor involving the anterior aspect and floor of the fourth
ventricle (arrows) when she presented with second relapse; (C) image shows response to 3 months of
metronomic therapy with decreased size and intensity of enhancing lesions; (D) image shows interval
progression of the tumor seen in T2 FLAIR resulting in a change from temozolomide to etoposide at
4 months of treatment; (E) image shows resolution of the tumor mass and T2 FLAIR changes at 8 months
of metronomic therapy; (F) image shows progressive disease at 10 months of treatment.
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1.5. Patient 5

This patient was a Hispanic boy diagnosed with metastatic neuroblastoma when he
presented with an 8 × 12 cm right suprarenal mass, extensive retroperitoneal and mesen-
teric lymphadenopathy, spinal cord compression, and metastatic bone disease to the right
scapula and body of L1 at 9 years of age. He was treated with high-dose cisplatin and
etoposide, cyclophosphamide, Adriamycin and vincristine, ifosfamide and etoposide, and
carboplatin and etoposide, followed by subtotal resection of the retroperitoneal tumor and
right kidney as per ANBL00P1 [38]. PBSCT was not available due to a lack of funds, for
which he received two cycles of topotecan–cyclophosphamide, followed by 2160 cGy radia-
tion to the tumor bed and spine, followed by 6 months of isotretinoin. He had no evidence
of residual disease at the end of treatment. Seven months later, he developed recurrent neu-
roblastoma involving the right external iliac lymph nodes, for which he started palliative
metronomic chemotherapy with oral VP16 (50 mg/m2/day; days 1–21) alternating with
oral CTX (75 mg/m2/day; days 22–41) and continuous sulindac (4 mg/kg/day). He had
hematologic toxicity requiring interruptions and dose reductions of both VP16 and CTX.
Evaluation showed decreased tumor size at 5 and 8 months of therapy. He subsequently
developed progressive disease after 11 months on therapy, for which sulindac was changed
to celecoxib (500 mg/m2/day). Two months later while off prophylactic antacids, the
patient developed hemorrhagic gastritis, hematemesis, aspiration pneumonia, acute renal
failure, and seizures, and died 13 months after starting metronomic chemotherapy.

1.6. Patient 6

This patient is a Hispanic girl found to have a large cervicomedullary tumor with a
cervico-thoracic central syrinx with tumor seeding when she presented with right shoulder
drop and right upper-extremity weakness at 3 years of age (Figure 4A). She had resection
of the cervicomedullary portion of the tumor. Evaluation revealed a type 2 neurocytoma of
the spine.

She subsequently received intensity-modulated radiotherapy to the tumor bed and
residual cervico-thoracic tumor. Following radiation, a residual 11 mm expansile cervi-
comedullary nodule, centered at the C3–C4 level, was documented. Five months later,
she developed progressive disease with increased size of the cervicomedullary nodule to
15 mm and development of a new second focus of enhancement on the ventral aspect of the
spinal cord at C2. She was treated with topotecan, ifosfamide and carboplatin (TIP). She
had significant hematologic toxicity and infectious complications during this treatment and
no change in tumor size after nine cycles (Figure 4B), for which she was changed to metro-
nomic chemotherapy with 21 days of temozolomide (60 mg/m2 day) aleternating with
21 days of CTX (50 mg/m2), VA (15 mg/kg), celecoxib (250 mg/m2/day) and bevacizumab
(5 mg/kg IV every 3 weeks). Tumor response was noted 3 months after treatment with
decreased tumor size to 9–10 mm (Figure 4C). Tumor size remained stable on subsequent
studies, and temozolomide and CTX were stopped at 18 months, celecoxib and VA were
stopped at 36 months, and bevacizumab was stopped at 48 months (Figure 4D). Metro-
nomic chemotherapy was restarted after tumor progression was documented 10 months
later (Table 1). She developed stable disease and treatment was stopped 15 months later.
She remains with stable disease 4 years off therapy.
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Figure 4. Cont.
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Figure 4. Patient 6: (A) MRI shows a 4.5 cm homogeneously enhancing expansile intramedullary
tumor involving the medulla and upper cervical cord down to the level of C3–C4 (arrow) with an
elongated syrinx extending inferiorly to the T3–T4 level; (B) the tumor was removed and treated with
radiation but came back, for which it was treated with nine cycles of topotecan–ifosfamide–carboplatin
with no significant change in tumor size (arrow) but significant toxicity, for which treatment was
changed to metronomic chemotherapy; (C) after 3 months on metronomic chemotherapy, the patient
recovered from toxicity and the tumor was slightly decreased; (D) the tumor was stable at the end of
4 years of metronomic chemotherapy.
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Table 1. Summary of the 6 pediatric cases, treatment regimens, and clinical course.

Patient Diagnosis Regimen
Age at Initial
Diagnosis

Best
Response

Clinical Course

1

Rhabdoid tumor of the
kidney (RTK) with lung and
BM metastasis.
Malignant myeloid clone at
end of primary treatment.
RTK relapse to bone marrow
+/− lungs.

VP16-CTX,
Celecoxib, VA 34 months CR

Developed
Treatment-related
myeloid neoplasia
and died from BMT
complications in CR.
CR 18 months
at death.
OS 3 years

2

Supratentorial Anaplastic
Ependymoma.
Local and distant relapse
to spine.

VP16-CTX,
Celecoxib, VA 6 years CR

CR 5.5 years at last
encounter
Alive 8 years at last
encounter

3

Medulloblastoma
Infratentorial
Microscopic leptomeningeal
relapse

VP16 alone
(VA added later) 10 months CR

CR 5 years at last
encounter
Alive 7 years at last
encounter

4
Medulloblastoma
Infratentorial
Second relapse

TMZ-CTX,
VA, Celecoxib
(TMZ changed to VP
later)

5 years PR

PR at 8 months lasted
2 months.
Died of disease at
12 months

5 Metastatic neuroblastoma
Retroperitoneal relapse

VP16-CTX,
Sulindac
(Sulindac changed to
Celecoxib later)

9 years PR

PR at 5 months lasted
6 months.
Died of upper GI
bleeding at
13 months.

6
Spinal cord neurocytoma
Unresectable
progressive tumor.

TMZ-CTX,
VA, BV, Celecoxib 3 years PR

PR at 3 months.
Treatment stopped
after 4 years of stable
disease.
PD 10 months later.
She remains AWD on
treatment

VP16 = etoposide, CTX = cyclophosphamide, VA = valproic acid, BV = bevacizumab, TMZ = temozolomide.

2. Discussion

Here, we report six cases of pediatric malignancies treated with metronomic chemother-
apy that included alternating 21 days cycles of oral etoposide and cyclophosphamide in a
backbone of celecoxib and/or valproic acid (Table 1). Because metronomic chemotherapy
was used for palliation and not in the context of a study, some variation occurred due to
medical and social issues such as individual choice, lack of insurance, and migration status.
As noted, in some cases, bevacizumab and/or temozolomide were also administered. This
treatment strategy produced significant tumor responses, including three complete re-
sponses. Three patients had hematologic toxicity with metronomic chemotherapy requiring
interruptions and dose reductions. Two of these patients eventually progressed and died of
their disease, and it is unclear whether the interruptions interfered with the metronomic ef-
fect. Patient 5 had hemorrhagic gastritis presumably from NSAIDs, for which this regimen
should be used with prophylactic antacids as per current COG guidelines.

Three patients with brain tumors were treated. Unfortunately, they preceded easy
access to molecular studies and, thus, are not reported according to the current WHO
classification. The first patient (case 2) that used this regimen was treated in 2002. He had
an anaplastic ependymoma that had failed surgery, radiation, and chemotherapy and had
progressed with a large hemispheric tumor and spinal cord metastasis. He started treatment
with alternating etoposide–cyclophosphamide on a backbone of celecoxib. Valproic acid
was later added to the treatment for seizure control. He achieved a complete response at
2 years, stopped therapy 18 months later, and was still in remission 4 years off therapy
when lost to follow-up 8 years later. Two patients with medulloblastoma were treated.
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The first patient relapsed with clusters of malignant cells in CSF with normal imaging
studies 6 months off therapy. The malignant cells persisted after 7 months of metronomic
etoposide but resolved 5 months after adding valproic acid to the regimen. She remains
free of disease 15 years off therapy. Since continuous celecoxib–valproic acid in the context
of cyclic chemotherapy was well tolerated and the second patient may have responded to
valproic acid, this medication was added to celecoxib in subsequent patients. The second
medulloblastoma relapsed with brainstem involvement shortly after completing first- and
second-line therapy. She was initially treated with alternating temozolomide–etoposide,
bevacizumab, and continuous celecoxib–valproic acid but developed progressive disease
4 months later. She subsequently changed temozolomide to etoposide, achieved partial
response 6 months later, and survived 12 months on metronomic chemotherapy. These three
cases highlight the potential role of metronomic chemotherapy in refractory brain tumors.
Recently, 29 children with refractory medulloblastoma were treated with a metronomic
regimen that included alternating etoposide–cyclophosphamide, continuous thalidomide–
celecoxib–fenofibrate, bevacizumab, and intraventricular liposomal cytarabine–etoposide
(MEMMAT) [39]. EFS was 33% and 28% at 5 and 10 years, while OS was 44% and 39% at 5
and 10 years, respectively [39]. These results make MEMMAT the treatment of choice in
refractory medulloblastoma. This regimen has some elements included in our regimen. For
example, it contains alternating etoposide–cyclophosphamide and continuous celecoxib
but lacks valproic acid. Since it is difficult to tell what elements in a complex metronomic
regimen add to the activity, it is reasonable to explore our less complex regimen in patients
that refuse invasive interventions or have poor access to care.

One patient with refractory metastatic neuroblastoma was treated after failing first-line
therapy. He had no funds and was not able to travel to pursue second-line treatments in-
cluding stem-cell transplant. He was treated with alternating etoposide–cyclophosphamide
and sulindac. He had a partial response at 5 months but progressed at 11 months. Since
then a regimen including cycles of 4 days of rapamycin–dasatinib followed by 5 days of
irinotecan–temozolomide (RIST) showed impressive responses in refractory neuroblas-
toma with 90% response in 21 children including 12 CR and three PR, with 43% OS at
143 weeks [40]. While these results are impressive, rapamycin and dasatinib may not be
readily available to patients with poor access to care. Most recently, 167 patients with
high-risk stage 4 neuroblastoma without access to autologous stem-cell transplantation or
anti-GD2 antibody therapy were treated with or without a metronomic regimen including
continuous etoposide, cyclophosphamide, vinorelbine, topotecan, and celecoxib, including
106 patients in the metronomic arm and 61 in the non-metronomic arm. The 3 years of
event-free survival (EFS) was 42.5% versus 29.4%, and overall survival (OS) was 71.1%
versus 59.4%, respectively [41]. While the Corbacioglu et al. [40] report strongly supports
RIST for refractory neuroblastoma, the report from Sun et al. [41] showing a benefit of oral
metronomic chemotherapy comparable to autologous stem-cell transplant and anti-GD2
in high-risk Neuroblastoma suggests a possible role for metronomic chemotherapy in
refractory neuroblastoma. Metronomic chemotherapy either with continuous drug delivery
as reported by Sun et al. [41] or with alternating drugs as in this report needs to be further
evaluated in these patients.

This report and previous reports by Kieran et al. [9,10], Andre et al. [11–13], Sharp
et al. [18], Slavc et al. [39] and Sun [41], highlight possible metronomic regimen strategies for
the treatment of refractory pediatric cancer. These metronomic strategies are summarized
in Table 2.
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Table 2. Summary of proposed metronomic regimens.

Study Metronomic Regimen

Kieran 2005 [10]

Thalidomide 3 mg/kg oral daily days 1–42,
Celecoxib 100–400 mg bid oral days 1–42
VP-16 50 mg/m2/day oral days 1–21
CTX 2.5 mg/kg/day to a maximum of 100 mg oral days 22–42.

Kieran 2014 [9]

Celecoxib 100–400 mg bid oral days 1–42
Thalidomide 3 mg/kg oral daily days 1–42,
Fenofibrate 90 mg/m2 oral daily
CTX 2.5 mg/kg/day to a max of 100 mg per day) days 1–21
VP16 50 mg/m2/day days 22–42

Andre et al. 2008 [13]
VP-16 25 mg/m2/day days 1–14
CTX 25 mg/m2/day days 15–28
Celecoxib 100–400 mg/day days 1–28

MEMMAT
Slavc et al. 2020 [39]

Etoposide 35–50 mg/m2/day oral on days 1–21 of 42 day cycles
CTX 2.5 mg/kg/day oral on days 22–42 of 42 day cycles
Intrathecal Liposomal cytarabine 16–30 mg days 1, 4, 8, 11 of
28-day cycles
Intrathecal VP16 0.5 mg days 18, 19, 20, 21, 21 of 28-day cycles.
Bevacizumab 10 mg/kg IV every other week
Thalidomide 3 mg/kg daily 1 year
Celecoxib 50–400 mg oral daily 1 year
Fenofibrate 90 mg/m2 oral daily 1 year

Sun et al. 2021 [41]

VP16 25 mg/m2 oral days 1–21 of 56–day cycles
Topotecan 1.4 mg/m2 oral daily on days 29–33 of 56-day cycles
CTX 25–50 mg/m2 oral daily days 1–56 of 56-day cycles.
Vinorelbine 40 mg/m2 oral weekly weeks 1–3 every 4 weeks
Celecoxib 200 mg/m2 oral twice a day 1 year

This manuscript

VP-16 50 mg/m2/day days 1–21
CTX 2.5 mg/kg/day days 22–42
Celecoxib 250 mg/m2/dose twice a day days 1–42
Valproic acid 7.5 mg/kg/dose twice a day days 1–42

We have previously used molecular genetics to identify a driving metabolic path-
way within refractory Inflammatory Myofibroblastic Tumor that was specifically targeted
with the TKI Lorlatinib with good response [42]. We also used proteomics in a refractory
childhood embryonal tumor with multilayered rosettes of the brain to identify a driving
metabolic pathway that was targeted with the TKI desatinib that and resulted in gross total
resection of the tumor and prolong survival [43]. Unfortunately we have also found that
these heavily pretreated tumors frequently become resistant to TKI after a few months of
response [42]. One way to overcome this difficulty could be to add a backbone of metro-
nomic chemotherapy that would target the micro environment, malignant angiogenesis
and drug resistance, while the TKI would target aberrant metabolic pathways in the tumor,
increase chemotherapy susceptibility and induce apoptosis.

While it has been noted that a VEGFR targeting TKI may blunt the ability of metro-
nomic chemotherapy [44] to activate the immune system (suggesting antagonistic activity),
we have previously shown that a metronomic chemotherapy plus a neutralizing anti-
VEGFR antibody preclinically delays the growth of B16 melanoma lung metastases [45]. In
addition, effective combination of the TKI sorafenib with metronomic chemotherapy has
also been reported preclinically [46].

Collectively, these observations have led us to propose a study that incorporates
tyrosine kinase inhibitors (TKI) to metronomic chemotherapy. Our backbone of choice
to compare with TKI is celecoxib-valproic acid based on our experience and the growing
interest in anti-histone drugs that have undergone trials with responses in difficult pediatric
tumors [47]. All patients will receive alternating cyclophosphamide and etoposide as
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described in this report. This study depicted in Figure 5 will involve screening refractory
patient’s tumors for metabolic targets, and treating the patients with alternating etoposide-
cyclophosphamide and either continuous celecoxib-valproic acid or continuous TKI if a
targetable aberrant metabolic pathway is identified.

Figure 5. Schematic of future planned studies for pediatric cases eligible for metronomic chemother-
apy. Proteomic and metabolic pathway analysis, where feasible, will be used to determine eligibility
of patients to receive specific tyrosine kinase inhibitor (TKI) therapy coupled with metronomic
chemotherapy, which involves alternating cycles of metronomic etoposide with metronomic cy-
clophosphamide. Patients not selected or not eligible for TKI-based therapies will receive valproic
acid (VA) and celecoxib with metronomic chemotherapy as outlined in this manuscript.

The mechanisms via which metronomic chemotherapy produces antitumor effects are
numerous [1] and are yet to be fully elucidated. Thus, in 2003, in collaboration with Bocci
and colleagues [19], we reported that continuous low-dose CTX (as well as other drugs
such as paclitaxel) can induce endothelial cells to overexpress the angiogenesis inhibitor
protein thrombospondin-1. These data provide further evidence [48] for the antiangiogenic
activity of metronomic chemotherapy. Other mechanisms include an alteration of intratu-
moral blood flow as observed following the administration of metronomic oral gemcitabine
(LY2334737) as we previously observed in a preclinical model [20]. They also include the
suppression of the homing of bone marrow-derived endothelial progenitor cells to the pe-
riphery of a tumor mass, as shown by Shaked and colleagues [49]. Additional mechanisms
of action of metronomic chemotherapy, at least for drugs such as CTX, include immune
activation, which likely occurs via suppression of regulatory T cells [21]. Furthermore, in
collaboration with Emmenegger and colleagues [50], we reported that preclinical selection
of tumors resistant to high-dose chemotherapy does not impair their response to subse-
quent metronomic regimens of the same drug [50]. These data suggest that mechanisms
of tumor resistance to metronomic chemotherapy show little or no overlap with those for
the same chemotherapeutics agent (e.g., CTX) given at pulsatile maximum tolerated doses.
These results also suggest that a tumor relapsing to pulsatile high dose of a drug such as
CTX may still show response to the same drug given on a metronomic schedule.

Metronomic chemotherapy has undergone a number of refinements since it was coined
in 2000, to describe preclinical studies with drugs used in a continuous low-dose (as an
antiangiogenic strategy or as a maintenance strategy), namely, CTX or vinblastine [48,51].
Since then, the concept of metronomic chemotherapy has evolved for the treatment of adult
tumors, as well as in its application in pediatric oncology. Thus, for adult tumors, recent
phase III clinical data in metastatic colorectal cancer showed improved progression-free
survival in patients receiving maintenance low-dose capecitabine plus bevacizumab [7]. In
addition, safety of administration was reported from a phase III clinical trial evaluating
bevacizumab plus metronomic cyclophosphamide and capecitabine as first-line therapy
in patients with HER2-negative advanced-stage breast cancer [8,52]. On the other hand,
for pediatric tumors, reported protocols (as evident from a Pubmed search with the terms
“metronomic” and “pediatric”) include the long-term oral administration of daily low-dose
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mercaptopurine and weekly low-dose methotrexate for children with ALL [11]. They
also include a metronomic vincristine/CTX/methotrexate/VA regimen given to children
with refractory cancer of various tumor types [53]. Recently, there have been additional
reports of metronomic chemotherapy improving survival in high-risk neuroblastoma pa-
tients [41], as well as other pediatric malignancies including Ewing sarcoma, osteosarcoma,
and rhabdomyosarcoma [15], and studies have confirmed the low toxicity associated with
this approach [54]. Alternating VP16 and cyclophosphamide metronomic regimens, with
daily celecoxib, were combined with sirolimus in a phase I study of 18 pediatric relapsed or
refractory solid and brain tumors, and the combination was found to be well tolerated [55].
It should be noted that among the first studies published on using chemotherapy metro-
nomically for pediatric tumors were those of Kieran and colleagues [10] and of Andre and
colleagues [13]. Thus, Kieran’s group originally proposed continuous oral thalidomide
and celecoxib with alternating oral etoposide and cyclophosphamide every 21 days. Re-
cently, the same group reported a more complex strategy involving five drugs including
metronomic CTX and etoposide, as shown in Table 2. Andre et al. proposed 2 weeks
of metronomic etoposide followed by 2 weeks of metronomic CTX, plus celecoxib [13].
Because of the number of drugs involved in some regimens such as the one proposed
by Kieran and colleagues (see Table 2), additional studies may be necessary to compare
different permutations of the use of such drugs and the different orders in which such drugs
are administered metronomically. Such studies may uncover whether specific combinations
are important (e.g., CTX plus VA) or if the exact order of administration is critical (e.g.,
etoposide before CTX, or vice versa). In that respect, the six cases we report add data to a
regimen of etoposide, CTX, and VA–celecoxib. Interestingly, with regard to VA–celecoxib as
a backbone, we previously reported [20] that metronomic oral gemcitabine (LY2334737) has
antitumor effects in preclinical mouse xenograft models. The LY2334737 oral gemcitabine
prodrug is, once injected, metabolized into gemcitabine plus VA, suggesting that a metro-
nomic oral gemcitabine schedule may unintentionally result in continuous administration
of two drugs (gemcitabine and VA), although this possibility remains to be tested. Overall,
these clinical and preclinical observations suggest that metronomic alternating regimens
combined with continuous administration of celecoxib and VA have promising activity in
tumors relapsing to pulsatile high-dose chemotherapy.
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Abstract: Metastatic castration-resistant prostate cancer (mCRPC) is the ultimately lethal form of
prostate cancer. Docetaxel chemotherapy was the first life-prolonging treatment for mCRPC; however,
the standard maximally tolerated dose (MTD) docetaxel regimen is often not considered for patients
with mCRPC who are older and/or frail due to its toxicity. Low-dose metronomic chemotherapy
(LDMC) is the frequent administration of typically oral and off-patent chemotherapeutics at low
doses, which is associated with a superior safety profile and higher tolerability than MTD chemother-
apy. We conducted a systematic literature review using the PUBMED, EMBASE, and MEDLINE
electronic databases to identify clinical studies that examined the impact of LDMC on patients with
advanced prostate cancer. The search identified 30 reports that retrospectively or prospectively
investigated LDMC, 29 of which focused on mCRPC. Cyclophosphamide was the most commonly
used agent integrated into 27/30 (90%) of LDMC regimens. LDMC resulted in a clinical benefit
rate of 56.8 ± 24.5% across all studies. Overall, there were only a few non-hematological grade 3 or
4 adverse events reported. As such, LDMC is a well-tolerated treatment option for patients with
mCRPC, including those who are older and frail. Furthermore, LDMC is considered more affordable
than conventional mCRPC therapies. However, prospective phase III trials are needed to further
characterize the efficacy and safety of LDMC in mCRPC before its use in practice.

Keywords: metronomic chemotherapy; metastatic castration-resistant prostate cancer; cyclophos-
phamide; side effects

1. Introduction

Cancer is amongst the most significant contributors to disease burden worldwide,
with cancer incidence expected to double by 2035 [1]. The global cancer burden is greatest
in low- and middle-income countries (LMIC), in which cancer incidence is rising most
rapidly, where 75% of cancer deaths occur, yet where only 5% of the global spending on
cancer is directed [1]. Prostate cancer follows this general trend as the second most common
malignancy in men globally [2].

Localized prostate cancer is highly curable, but metastatic prostate cancer remains
a fatal condition to date [3]. While prostate cancer is diagnosed at a median age of 66,
prostate cancer-related deaths occur at a median age of 80 [4].

Because prostate cancer is an androgen-driven disease, androgen deprivation therapy
(ADT) is the usual first-line therapy for metastatic prostate cancer, nowadays often com-
bined with either docetaxel chemotherapy or androgen receptor signaling inhibitors (ARSi)
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such as abiraterone, apalutamide, or enzalutamide [5]. However, such patients will de-
velop ADT-resistant prostate cancer eventually, referred to as metastatic castration-resistant
prostate cancer (mCRPC), the lethal form of prostate cancer.

Docetaxel was established as the first life-prolonging and quality-of-life-improving
therapy for mCRPC in 2004, providing a survival benefit of around three months [6,7].
This intravenous chemotherapeutic of the taxane family is usually administered as a
three-weekly regimen at the maximum tolerated dose (MTD), which is associated with
numerous acute and chronic side effects (e.g., myelosuppression, mucositis, and peripheral
neuropathy). Thus, docetaxel is often not considered for older men who may have a lower
tolerance than younger, healthier patients [8–11].

In recent years, abiraterone and enzalutamide have been approved as mCRPC treat-
ment options, typically used in first line [3]. Both agents are relatively well tolerated,
but acquired therapeutic resistance is the ultimate outcome of ARSi therapy in most in-
stances [12,13]. Radium-223 and cabazitaxel chemotherapy represent treatment options for
ARSi- and docetaxel-resistant mCRPC [14,15]. However, access to all these life-prolonging
yet expensive prostate cancer therapies is limited, notably in LMIC [16,17]. Hence, there
is a continued need for affordable mCRPC therapies, especially those suitable for the typ-
ically elderly and often patients with advanced prostate cancer who are frail. Low-dose
metronomic chemotherapy (LDMC) possess many characteristics to fill this unmet need.

LDMC refers to the continuous administration of low doses of conventional chemother-
apy drugs over a long period, usually via daily oral intake without scheduled treatment
breaks, resulting in antiangiogenic and immunomodulatory anti-tumor effects amongst
others [18]. Due to the low drug doses used, LDMC has a superior toxicity profile com-
pared with MTD chemotherapy, including in people who are older and frail [19,20]. Fur-
thermore, LDMC is relatively affordable owing to the use of off-patent drugs such as
cyclophosphamide (CPA) and modest needs for monitoring treatment-associated side
effects [21,22]. Herein, we summarize the findings of 30 studies on the role of LDMC in
advanced prostate cancer.

2. Materials and Methods

2.1. Search Strategy and Study Selection

A systematic search of the PubMed, EMBASE, and MEDLINE electronic databases
was conducted from inception up to 31 December 2021 to identify all relevant studies
investigating the clinical impact of LDMC in patients with prostate cancer. The search
strategy involved combining a methodological filter to specifically identify ‘full text articles’
using the search terms ‘metronomic’ and ‘prostate cancer.’ English-written literature was
highly valued in the conduct of this review due to the ease of data extraction. However,
non-English language was not a reason for exclusion. Additional studies were identified
by screening the reference lists of review articles on LDMC. Titles and abstracts were
screened for eligibility. The exclusion criteria are highlighted in Figure 1. Treatment
regimens comprising at least one component administered without prespecified breaks
were considered metronomic.

2.2. Data Extraction and Statistical Analysis

Two independent reviewers extracted information on study type and design, country
of study, number of patients, patient demographics, treatment details, response criteria used
and response rates, survival data, adverse events, and fatalities. Statistical analyses were
computed using RStudio (RStudio for Macintosh, version 1.1.463). Graphs were created
with Microsoft® Excel for Mac 16.45 (www.microsoft.com), Draw.io (Version 16.5.1; https:
//app.diagrams.net), or GraphPad Prism (Version 9.3.1; https://www.graphpad.com).
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Figure 1. Flow diagram of search strategy.

3. Results

3.1. Study Selection

Among the 234 reports identified during the initial search, there were 132 duplicates,
leaving 102 abstracts for screening. Following the removal of 49 studies comprising reviews,
and pre-clinical and mechanistic studies, we analyzed the full text of 53 articles. A further
23 studies were excluded, including letters, surveys, case reports, and studies that were
not truly metronomic or prostate cancer specific. Overall, we identified 30 studies on the
clinical use of LDMC for prostate cancer, as depicted in Figure 1. Key study details are
outlined in Table 1.

3.2. Study and Patient Characteristics

LDMC studies in the field of prostate cancer cover the time period from 1993 until
2019, with the majority (23/30; 77%) published from 2010 onwards (Figure 2a). More than
half of the studies analyzed were conducted in Europe (17/30; 57%), notably with ten of
those (33% of all studies) in Italy. Moreover, eight studies (27%) were conducted in Asia,
whereas only five reports (17%) were from North America and none were from Asia or
South America. Eleven studies (37%) were retrospective analyses. Among the nineteen
prospective studies, two (11%) were phase I [27,36], one (5%) was phase I/II [47], and
sixteen (84%) were phase II studies [22,25,26,29,30,33,34,37,38,40–43,45,48,49]. Across both
prospective and retrospective phase II type studies, the majority (23/26, 88%) were single
arm trials [19,21–23,25,26,28–33,35,37,38,40–42,44,48,49].

The 30 studies comprise information on 973 patients overall, with 28 (range 8 to
74) being the median number of patients per study (Figure 2b). The median patient
age per trial ranged from 60 to 83 years, of which 72.8 years was the median of the
reported medians (Figure 2c). Of the 30 studies included, only one reported on men
with biochemically recurrent (i.e., non-metastatic and castration-sensitive) prostate cancer
(Figure 3) [22]. All other studies focused on patients with mCRPC and variable treatment
history. Seven (23%) studies included chemotherapy-naïve participants [25,32,33,38,45,46,48],
three reported on study subjects with or without prior chemotherapy (typically docetaxel)
exposure [28,31,42], and nineteen did not provide details on prior therapies other than the
use of ADT [19,21,23,24,26,27,29,30,34–37,39–41,43,44,47,49].
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Table 1. Study characteristics.

First Author Name Years Study Type Location N Age, Median (Range) Reference

Caffo et al. 2019 retrospective Italy 8 74 (56–95) [21]
Calcagno et al. 2016 prospective France 14 69 (57–82) [22]
Calvani et al. 2019 retrospective Italy 14 75 (56–87) [23]
Dabkara et al. 2018 retrospective India 16 74.5 (59–83) [24]
Derosa et al. 2014 prospective Italy 17 72 (52–79) [25]

Di Desidero et al. 2016 prospective Italy 17 73 (63–86) [26]
Di Lorenzo et al. 2007 prospective Italy 18 67 (46–75) [27]
Dickinson et al. 2012 retrospective UK 21 75 (N/A) [28]
Fontana et al. 2009 prospective Italy 23 74.5 (54–91) [29]
Fontana et al. 2010 retrospective Italy 24 83 (78–92) [19]
Gebbia et al. 2011 prospective Italy 25 72 (56–83) [30]
Glode et al. 2003 retrospective USA 25 72.6 (54–88) [31]

Hatano et al. 2011 retrospective Japan 25 71 (49–90) [32]
Jellvert et al. 2011 prospective Sweden 28 60 (45–75) [33]
Jeong & Lee 2017 prospective Korea 28 71 (49–88) [34]

Knipper et al. 2019 retrospective Germany 28 78 (N/A) [35]
Kubota et al. 2017 prospective Japan 29 74.2 (66–88) [36]
Ladoire et al. 2010 prospective France 32 74 (55–88) [37]

Lord et al. 2007 prospective UK 35 69 (51–86) [38]
Meng et al. 2012 retrospective China 38 72.8 (69–78) [39]
Nelius et al. 2010 prospective USA 39 68 (42–85) [40]

Nicolini et al. 2004 prospective Italy 41 72 (62–84) [41]
Nishimura et al. 2001 prospective Japan 43 70 (50–82) [42]
Noguchi et al. 2016 prospective Japan 49 68.6 (48–80) [43]
Orlandi et al. 2013 retrospective USA 52 81 (52–92) [44]
Tralongo et al. 2016 prospective Italy 57 77 (72–82) [45]
Vorob’ev et al. 2011 retrospective Russia 58 72.8 * (56–85) [46]

Wang et al. 2015 prospective USA 58 76 (50–86) [47]
Wozniak et al. 1993 prospective USA 74 67 (55–78) [48]

Yashi et al. 2014 prospective Japan 37 75 (67.8–79.3) [49]

* = mean; N = sample size, N/A = not available.

(a) 

Figure 2. Cont.
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(b) 

 
(c) 

Figure 2. (a) Number of LDMC publications per year. (b) Number of patients per study. (c) Median
patient age in years per study.

3.3. Metronomic Treatment Regimens

CPA was integrated into 27 of the 30 (90%) regimens (Figure 4) [19,21–25,27–35,37–44,46–49].
While six studies (20%) described the effects of CPA monotherapy [21,22,38,41,43,46],
in the majority of reports, CPA was partnered with corticosteroids (19/30;
63.3%) [19,23–25,27,29–35,37,39,40,42,44,48,49]. Among the CPA/corticosteroid combi-
nation therapy studies, eight (27%) did not add further agents [23,24,27,31,35,37,40,49], the
COX2 inhibitor celecoxib was added in three (10%) trials [19,34,44], and eight (27%) studies
included other drugs (i.e., methotrexate, tegafur-uracil, etoposide, estramustine phosphate,
and capecitabine) [25,29,30,32,33,39,42,48]. In two studies, CPA was combined with either
thalidomide or lenalidomide (7%) [28,47].
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Figure 3. Prostate cancer stage of patients of LDMC studies. mCRPC: metastatic castration-resistant
prostate cancer.

Figure 4. Details of the LDMC regimens. CPA = cyclophosphamide.

Of the studies without a CPA backbone, a variety of agents were used. Di Desidero et al.
studied vinorelbine with dexamethasone [26], Kubota et al. studied cisplatin and tegafur-
uracil [36], and Tralongo et al. studied docetaxel or vinorelbine [45]. Of note, 24 of 30 (80%)
treatment regimens comprised oral medications only [19,21–24,26–28,31–35,37–44,46,47,49].

3.4. Outcomes

To compare the effectiveness of the various LDMC regimens used, we extracted prostate-
specific antigen (PSA) response rates and clinical benefit rates. Twenty-six trials provided
information regarding patients’ PSA levels (Figure 5a) [19,21,22,24–34,36–42,44–47,49]. The
mean ± SD PSA response rate (i.e., at least a 50% treatment-related PSA decrease compared
with baseline) was 33 ± 19.1%, while another 32.2 ± 16.5% of patients achieved stable PSA
readings. One third of study patients (33.5 ± 19.4%) did not experience any biochemical
benefit from LDMC.
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(a) 

(b) 

Figure 5. (a) Biochemical response assessment based on prostate specific antigen (PSA) across
26 informative studies. PSA response was defined as a ≥50% treatment-related PSA decrease
compared with baseline. (b) Clinical benefit rate (%) across 26 informative studies.

The mean clinical benefit rate reported across 26 studies was 56.8 ± 24.5% (range from
8.3% to 95.0%) (Figure 5b). Of note, the publications used variable definitions of “clinical
benefit”, with the most common being “sustained (≥6 months) absence of biochemical,
clinical, and/or radiological progression”.

Twenty studies reported the median overall survival of patients on LDMC regi-
mens [19,21,23,25,26,29–31,34–37,39–41,43,44,46,47,49]. Fontana et al. observed the shortest
median survival of 3.3 (95%CI: 2.2–4.2) months [29], while Derosa et al. described the
longest median survival of 33.3 (95%CI: 23–35.6) months [25]. The median of medians of
reported overall survival was 16.2 months.
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3.5. Toxicities and Adverse Events

Twenty of the thirty studies used varying versions of the National Cancer Institute
Common Toxicity Criteria for Adverse Events (NCI-CTCAE) to grade toxicities observed
among study participants undergoing LDMC [19,21–23,25–27,29,30,32,34,36–40,42–44,46].
One of the studies used criteria set by the World Health Organization (WHO) [45], while
four studies reported adverse events without indicating the type of criteria used [28,47–49].
Five studies did not include information regarding toxicities and adverse events in relation
to LDMC [24,31,33,35,41].

Figure 6 shows the percentage of study patients that experienced specific grade 3 or 4 (i.e.,
severe) toxicities reported in 15 informative clinical trials. Overall, hematological toxicities
were more common than non-hematological adverse events. Instances of severe anemia were
reported in nine trials, with a median of 8% of patients affected [21,27,28,34,37,38,42,43,45].
Grade 3/4 neutropenia was reported in eight studies, with a median of 5.5% of patients
affected [25,27,32,37,38,43,45,47]. In the four studies listing severe lymphopenia, on av-
erage, around 20% of patients were affected. Asthenia was the most reported severe
non-hematological adverse event, listed by five trials, with a median of 5.4% of patients
affected [21,26,34,45,47].

 

Figure 6. Heatmap of grade 3 and 4 toxicities observed in LDMC studies.

Vorob’ev et al.’s retrospective study compared the side effects of MTD docetaxel
(75 mg/m2 administered intravenously every three weeks; n = 30 patients) versus LDMC
CPA (50 mg by mouth daily; n = 25 patients) [46]. There were far fewer and less severe
side effects reported in the CPA cohort (using NCI-CTCAE version 3) in comparison with
patients treated with docetaxel (Figure 7). While a high percentage of patients treated
with docetaxel were affected by diarrhea, alopecia, grade 1–3 anemia, and grade 1–4 neu-
tropenia, patients in the CPA cohort were primarily affected by grade 1–2 anemia and
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grade 1–2 neutropenia, without severe (i.e., grade 3 or 4) cytopenia. Moreover, 16.7% of the
docetaxel cohort stopped treatment due to adverse events, but no patient treated with CPA
discontinued treatment because of side effects. Despite the distinct toxicity profiles, the
mean overall survival was similar (>15 months) for both cohorts. However, MTD docetaxel
resulted in a higher PSA response rate (46.7%) than LDMC CPA (12%). MTD docetaxel
treatment was also slightly favored over LDMC CPA in terms of quality of life, measured
with the Functional Assessment of Cancer Therapy-Prostate (FACT-P) questionnaire, and
rate of pain response, based on a visual analogue scale, although these results were not
statistically significant.

Figure 7. Depiction of the incidence of adverse events reported in patients undergoing conventional
docetaxel versus metronomic cyclophosphamide therapy as reported by Vorob’ev et al., 2011 [46].

4. Discussion

The present literature review of 30 studies of LDMC for prostate cancer encompassing
973 patients illustrates several key findings. First, more than half of patients experience
PSA responses or PSA stability and draw a clinical benefit from LDMC. Second, CPA
is the most commonly used cytotoxic agent for metronomic purposes in prostate cancer
(27/30 trials), as is the case in other cancer types [50]. The LDMC CPA studies charac-
terize this classical alkylating agent as a convenient (oral mode of administration), well
tolerated, and affordable (off-patent) treatment option that can be administered alone or
in combination with other agents. Third, prostate cancer LDMC studies report low rates
of severe (i.e., grade 3 or 4) adverse events. Hematological toxicity, notably lymphope-
nia, was more frequently observed than non-hematological adverse events. However,
neither myelosuppression nor lymphopenia appear to be associated with an increased rate
of infections. Furthermore, the low rate of typically mild LDMC-associated side effects
compares favorably with the higher rate of adverse events seen with conventional MTD
chemotherapy, including high-grade adverse events, as documented by Vorob’ev et al. [46].

Our study also reveals shortcomings and unmet needs regarding the clinical devel-
opment of LDMC in prostate cancer. Foremost, there are no definite phase III clinical
trials documenting the benefit of LDMC in prostate cancer, unlike in other malignancies
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such as breast, head and neck, and colorectal cancer [51–58]. Moreover, the majority of
the LDMC prostate cancer studies were single-arm trials describing relatively small and
often heterogeneous patient cohorts. Second, LDMC was almost exclusively studied in
later stages of prostate cancer and often after multiple lines of prior therapies, whereas
phase III trials in other tumor types suggest that LDMC might be particularly suitable
for maintenance therapy in earlier tumor stages [52,55,57]. Third, there are no validated
predictive markers of response to LDMC [59]. However, anecdotal evidence of responses to
metronomic CPA in patients with DNA repair deficient mCRPC warrant further study [60].

In current times, with limited resources and growing expenses for the treatment
of early as well as advanced prostate cancer, drug costs are becoming an increasingly
important consideration when choosing treatments options [61–63]. With the incidence
of cancer surging and the rising economic burden of cancer treatment worldwide, there
is a need for affordable treatment options [2,64]. This is especially important for resource-
limited countries, where mortality rates due to prostate cancer are rising, while decreasing
in the more developed countries [65]. LDMC is an attractive treatment option in this respect.
In Bocci et al.’s outcome analysis and cost comparison for conventional versus LDMC for
metastatic breast cancer, LDMC was found to be more cost-effective due to several factors:
LDMC (i) can be taken orally at home instead of administered during hospital visits, (ii) has
lower incidences of adverse events, thereby decreasing related hospital and other healthcare
visits, and (iii) is associated with lower administrative and health care provision costs due
to a reduced need for medical attention [66].

Our systematic literature search did not identify studies comparing LDMC with ARSi
therapy. Based on available evidence reported in the present analysis, it appears improbable
that LDMC alone may provide a similar benefit to ARSi in advanced prostate cancer.
Furthermore, ARSi are convenient oral albeit expensive medications that rarely result in
severe side effects, even in patients who are older or frail [12,13,16,17]. However, LDMC
might make ARSi therapy more affordable when integrated into intermittent ARSi regimens
(e.g., LDMC maintenance therapy following ARSi induction). Aside from cost savings such
LDMC use might also improve patient outcome by targeting ARSi-resistant prostate cancer
cells [67,68]. Similarly, preliminary breast and ovarian cancer evidence suggests a possible
role for combining LDMC using alkylating agents with poly (ADP-ribose) polymerase
(PARP) inhibitors in patients with DNA-repair-deficient prostate cancer [69,70].

When extracting information from the 30 studies of LDMC for prostate cancer nu-
merous limitations became apparent. Aside from the aforementioned lack of randomized
controlled phase III trials, one third of studies were retrospective, and the majority of
reports comprised relatively small single-arm studies. The definition of outcome measures
such as clinical benefit rate varied across studies, rendering comparisons difficult. Not all
reports contained information on adverse events. Finally, a wide variety of metronomic
regimens were tested, although the use of CPA was a common denominator.

5. Conclusions

In conclusion, LDMC is a well-tolerated and cost-effective form of cancer therapy with
documented anti-mCRPC effects. Because of mild toxicities and simple oral administration,
LDMC can be regarded as an alternative treatment option especially for patients who are
older or unfit and who are unable to tolerate conventional mCRPC therapies such as taxane
chemotherapy. LDMC might also be considered in situations where ARSi are not available
or affordable. Phase III trial evidence is needed to position LDMC with respect to other
mCRPC therapies.
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Abstract: Metronomic therapy is characterized by drug administration in a low-dose, repeated, and
regular manner without prolonged drug-free interval. The two main anticancer mechanisms of
metronomic therapy are antiangiogenesis and immunomodulation, which have been demonstrated
in several delicate in vitro and in vivo experiments. In contrast to the traditional maximum tolerated
dose (MTD) dosing of chemotherapy, metronomic therapy possesses comparative efficacy but greatly-
decreases the incidence and severity of treatment side-effects. Clinical trials of metronomic anticancer
treatment have revealed promising results in a variety cancer types and specific patient populations
such as the elderly and pediatric malignancies. Oral cavity squamous cell carcinoma (OCSCC) is
an important health issue in many areas around the world. Long-term survival is about 50% in
locally advanced disease despite having high-intensity treatment combined surgery, radiotherapy,
and chemotherapy. In this article, we review and summarize the essence of metronomic therapy and
focus on its applications in OCSCC treatment.

Keywords: metronomic; oral cancer; oral squamous cell carcinoma

1. Introduction

Head and neck squamous cell carcinoma (HNSCC), the sixth most common cancer
worldwide, comprises heterogenous groups of tumors arising from the oral cavity, orophar-
ynx, hypopharynx, and larynx [1]. In Taiwan, South–Central Asia, and parts of Europe,
oral cavity squamous cell carcinoma (OCSCC) has a higher incidence (9–22 per 100,000)
than tumors arising from other sites [2]. Smoking, alcohol consumption, and betel nut
use are the major contributors in OCSCC carcinogenesis [3]. More importantly, OCSCC
patients exposed to these traditional carcinogens tend to have poorer treatment outcomes
than human papillomavirus (HPV)-related HNSCC patients [4]. In addition, the long-term
(5 year) survival rate is unsatisfactory (approximately 50%). According to the GLOBO-
CAN 2018 report, 117,384 of the 354,846 newly diagnosed OCSCC patients died from the
disease [5]. Therefore, OCSCC poses a considerable burden to the healthcare systems in
different regions [6–11]. The majority of OCSCC patients present with a locally advanced
disease, and the main therapeutic strategy is tumor wide excision plus radical neck dis-
section, followed by adjuvant radiotherapy with or without chemotherapy [12,13]. This
high-intensity treatment program results in significant acute or chronic adverse events [14].
Locoregional relapse and secondary primary HNSCC [15,16] are the most common recur-
rent patterns and curable if amenable to local treatment. However, the prognosis is grave
once the disease is metastatic or attains platinum-refractory status. Although the thera-
peutic armamentarium is expanding, for example, anti-epidermal growth factor receptor
(EGFR) monoclonal antibody and immune checkpoint inhibitors have been developed, the
median overall survival is approximately 10–14 months [17–21].
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The most important chemotherapeutic agent in OCSCC treatment is platinum. In
platinum-based concurrent chemoradiotherapy or palliative chemotherapy, administration
of the maximum tolerated dose (MTD) of cisplatin(100 mg/m2 every 3 weeks) is generally
considered a gold standard regimen [12,13,17]. The development of platinum-resistant
OCSCC is an important factor that leads to treatment failure. Existence of cancer stem
cells [22,23], increased angiogenesis [24,25], and unfavorable immune profile in the mi-
croenvironment [26,27] are the proposed mechanisms that contribute to platinum-resistant
OCSCC and predict poor prognosis. Moreover, the MTD of cisplatin (100 mg/m2) is
deemed as a highly toxic regimen because it has significant side-effects such as nephro-
toxicity, ototoxicity, and neurotoxicity [28,29]. Therefore, novel therapeutic strategies
are necessary to improve OCSCC treatment outcomes a step further [30]. Metronomic
chemotherapy, one of the potentially promising treatments, is being studied and utilized
in clinical practice for a variety of cancer types, including OCSCC [31–37]. The unique
dosing schedule stems from preclinical studies, which have revealed the advantages of
overcoming drug resistance and antiangiogenesis effects [38,39]. Clinically, metronomic
chemotherapy induces drug sensitivity and, most importantly, it is accompanied by min-
imal adverse effects [40]. In this article, we briefly review the mechanism of action and
clinical development of metronomic therapies in OCSCC.

2. History of Metronomic Therapy

Since the appearance of cytotoxic chemotherapeutic agents in the early 1960s, they
have been playing a critical role in cancer treatment. The use of MTD to obtain the high-
est possible cancer cell killing is the mainstream method to calculate the chemotherapy
dose [41]. The MTD chemotherapy originated from the great success of a pediatric leukemia
treatment model [42]. However, MTD chemotherapy imposes great damage to the rapidly
proliferating normal tissues such as hematopoietic or gastrointestinal epithelial cells. To
limit the toxic effects and permit patient recovery, MTD chemotherapy should be admin-
istered with 3–4 weeks of drug-free interval only. Regrowth of the residual cancer cells
is inevitable [43]. Moreover, complete eradication of cancer cells is rarely achieved with
MTD chemotherapy owing to the development of drug resistance [44]. Decades of cancer
research has revealed that cancer cells possess multiple genetic alterations and could have
genomic evolution that contributes to resistance [45,46]. The cancer treatment is far more
complex because components of the tumor microenvironment, such as immune cells, en-
dothelial cells, and fibroblasts, communicate and relay pro-survival signals to malignant
cells [47–49]. This adds more obstacles to our goal of cure or long-term disease control with
MTD chemotherapy.

To evaluate the biological effects of administered chemotherapy, other than MTD, one
unique dosing schedule—metronomic chemotherapy—was studied in preclinical cell and
animal models. Metronomic dosing was defined as administration of low doses (1/3–1/10
of MTD) cytotoxic agents at more frequent intervals (no prolonged drug-free breaks) [50].
Initially, the metronomic chemotherapy was reported to inhibit cancer-associated angio-
genesis and consequently promote tumor regression [51,52]. Simultaneously, Broder et al.
demonstrated that this low-dose and frequent administration aids in overcoming drug
resistance [53]. This regimen is more attractive because it has a lower toxicity profile
than MTD [54]. In the following decade, more studies focused on the biological effects of
metronomic chemotherapy.

3. Metronomic Therapy: Mechanisms of Action

3.1. Antiangiogenic Effects

Neoangiogenesis takes a central role during the growing phase of the primary tumor
and supports the establishment of distant metastatic deposits. It has long been proposed
as a potential target in cancer treatment [55,56]. Chemotherapeutic agents were found
to have antiangiogenesis effects in a preclinical study, although the dosing schedule mat-
ters in this phenomenon [57]. Tumor-associated vascular endothelial cells are genetically
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more stable than cancer cells. This is one of the possible explanations why metronomic
chemotherapy more specifically causes endothelial cell apoptosis and less resistance de-
velopment. Other proposed molecular mechanisms are the suppression of endothelial
progenitor cell mobilization from the bone marrow [58] and an increase in the expression
of thrombospondin-1 (TSP-1), which is an endogenous antiangiogenic factor [59]. Recently,
metronomic chemotherapy was found to normalize the defective tumor vasculature [60].
Cyclophosphamide is the prototype of a chemotherapeutic agent possessing antiangio-
genic property when administered in the metronomic schedule [61]. The same biological
activity was proven for other agents such as taxanes, camptothecin, and vinca alkaloids
in a variety of cancer types [62,63]. On the contrary, some studies have suggested that
chemotherapeutic agents might induce acute mobilization of the bone marrow-derived
circulating endothelial progenitor cells (EPCs), homing viable tumors and promoting their
growth. Studies have provided evidence that coadministration of antiangiogenic agents
might work in a synergistic fashion with chemotherapy for the suppression of tumor and
emergence of resistance [64–67].

3.2. Immunomodulatory Effects

During the process of carcinogenesis and tumor progression, cancer cells may evade
the immunosurveillance through the release of cytokines (such as transforming growth
factor, vascular endothelial growth factor (VEGF), and interleukin-6) and recruitment of
precancerous immune cells (such as regulatory T cell (Treg), myeloid derived suppressor
cells (MDSC), and tumor associated macrophage-2) [68]. Studies have shown that the MTD
of some traditional chemotherapeutic agents have immunomodulatory effects such as the
induction of immunogenic cell death [69]. Through low-dose metronomic chemotherapy,
studies found that different agents can deplete Treg and suppress MDSC [70–73]. In
addition, it can promote dendritic cell maturation, an important step to educate the naïve
cytotoxic T cells [74]. Some metronomic agents cause cell death and favorably promote
the release of “eat me” signals (such as damage-associated molecular patterns, calreticulin,
and high-mobility group box 1) [75]. All of these phenomena can possibly activate our
immune cells to attack the tumor. However, our immune system is dynamic and, therefore,
some study results might be controversial and require further clinical validation [76,77].

3.3. Inhibition of Cancer Stem Cells

Cancer cells, like their normal counterparts, contain a minority portion of cells that
possess the ability of self-renewal and differentiation. These specific cancer cells are called
cancer stem cells (CSCs), which are detected mainly with the expression of specific cell
surface markers (CD24+, CD44+, or CD133+; alone or combined expression) [78]. CSCs have
been strongly linked to chemoresistance or radio resistance and, consequently, anticancer
treatment failure [79,80]. A few studies have revealed that metronomic chemotherapy can
decrease the CSC population [81–83]. Vives et al. demonstrated that MTD chemotherapy
followed by metronomic maintenance therapy with gemcitabine and cyclophosphamide
successfully eliminated the CSCs in pancreatic cancer and ovarian cancer orthotopic models,
respectively [84]. Incorporation of metronomic chemotherapy into or combined with
current cancer treatment may aid in a further reduction in CSC-related resistance.

4. Metronomic Therapy in OCSCC

4.1. Preclinical Evidence

Although metronomic therapy has been applied in clinical trials or daily oncolog-
ical practice, only one chemotherapeutic agent, S-1, has been tested completely in both
in vitro and in vivo models. S-1 is composed of three compounds. One compound is a
5-fluorouracil (5-FU) prodrug, tegafur. The other two are gimeracil (inhibits the 5-FU
degradation) and oteracil (lowers the gastrointestinal toxicity of 5-FU) [85]. In an in vitro
study, Ferdous et al. first demonstrated that more frequent 5-FU dosing (16h treatment, 8h
rest vs. 96h treatment, 48h rest or 48h treatment, 24h rest) did not result in more cytotoxic
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cell death according to3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H tetrazolium bromide
assay. However, functional evaluations revealed that oral cancer treatment with more
frequent 5-FU dosing (16h treatment, 8h rest) showed the highest expression of TSP-1
(antiangiogenesis molecule) and lowest expression of VEGF and CD44 (CSC marker). In
the in vivo xenograft model, the usual S-1 schedules were 4weeks on followed by 2 weeks
off and 2weeks on followed by 1weekoff, which were the same as the standard regimens in
human. The metronomic dosing was 1dayon followed by 1dayoff. The results revealed
that all three regimens resulted in similar tumor volume reductions. The nude mice in the
two standard regimen groups had a lower weight than those in the metronomic treatment
group. The xenograft tumors in the metronomic treatment group showed increased TSP-1
and decreased VEGF expression, which was consistent with the findings of the in vitro
study. In addition, a reduction in CD44 expression was observed. The number of endothe-
lial cells (based on CD31 expression) and the micro vessel density (MVD) both decreased
in the metronomic treatment group tumors. The results of S-1 treatment in an oral tongue
cancer model revealed that metronomic dosing resulted in comparable tumor inhibition.
Considering the proof-of-concept viewpoint, metronomic dosing of S-1 demonstrated
antiangiogenesis and cancer stem cell elimination effects. According to our knowledge,
a variety of compounds extracted from traditional Chinese medicine possess anticancer
effects [86]. Some of the studies have tested compounds in xenograft models with daily
administration, which mimicked the metronomic dosing schedule. Most studies had a
long treatment duration ranging from 3–8 weeks and no significant side-effects [87–93]. In
our previous studies, we treated the oral cancer-bearing mice with cordycepin, a major
biological compound from Cordyceps sinensis, alone or in combination with radiotherapy
for 8 weeks. No weight loss was observed, and the hematological, renal, and hepatic
functions were preserved [92,93].

4.2. Clinical Evidence

In the past two decades, the concept of metronomic therapy was translated into real
practice, and clinical trials have finally proven its effectiveness and better tolerability in a
variety of cancers [94–97] and specific populations [98,99]. Oral chemotherapeutic agents
are the central pillars in most studies with different combinations, including targeted
therapy [100], vascular disrupting agent [101], and even noncytotoxic agent [102]. We
found two main clinical settings for the use of metronomic therapy in OCSCC; one was
adjuvant/maintenance therapy after curative intent surgery or chemoradiotherapy, and
the other was a palliative therapy in recurrent/metastatic status.

Three studies used metronomic fluorouracil drugs in adjuvant/maintenance therapy.
Lin et al. conducted a prospective cohort study and reported that 80 OCSCC patients with
stage III–IVa (T3–T4a and/or N0–N1) diseases received curative intent surgery. Forty pa-
tients received metronoic UFUR (each capsule contains tegafur 100 mg and uracil 224 mg)
with a fixed dose of tegafur 150 mg/m2/day for 1 year, and another 40 patients were
observational controls. The 4year disease-free survival (DFS) of the metronomic group
versus the control group was 85.6% and 75.9% (p = 0.02). Simultaneously, they performed
laboratory correlation by detecting the change in CEP (circulating endothelial precursor)
cells, a marker of angiogenesis activity. The results revealed that patients treated with
metronomic UFUR had a significant reduction in the detectable viable CEP cells, which
might implicate an antiangiogenesis mechanism behind the survival benefits. The toxici-
ties were mild and manageable, with skin rash (5%) being the most common side-effect,
followed by hematological side-effects (2.5%) and nausea/vomiting (2.5%) [103]. Hsieh
et al. [104] conducted a retrospective study of 356 stage III and IV OCSCC patients. All
the patients received curative surgery followed by chemoradiotherapy, which suggested a
more advanced disease condition. A total of 114 patients received tegafur/uracil (tegafur:
100–400 mg/day) as adjuvant therapy for 1–2 years if tolerable. The survival endpoints
revealed that 5-year overall survival (OS) and DFS were 65% versus 48% (HR = 0.54, p =
0.0008) and 57% versus 41% (HR = 0.62, p = 0.0034) in the metronomic and control groups,
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respectively. In addition, longer UFUR treatment duration (≥12 months) and higher dose
(300–400 mg/day) contributed to better survival benefits. The metronomic UFUR treatment
seemed to decrease the occurrence of distant metastasis (OR = 4.3, p = 0.0015) compared
with no UFUR treatment. Moreover, the toxicities were mild and well-tolerated, with skin
rash (3.5%) being the most common side-effect. Another study used low-dose S-1 as adju-
vant chemotherapy in locally advanced HNSCC patients [105]. The study retrospectively
reviewed 52 stage III/IVa/IVb HNSCC patients who completed curative treatment and
confirmed no residual tumor. Sixteen out of 52 patients had oral cancer. The S-1 dose
was half of the usual standard dose (40 mg/day for body surface area (BSA) < 1.25 m2;
50 mg/day for 1.25 m2 ≤ BSA < 1.5 m2; 60 mg/day for BSA ≥ 1.5 m2) and was adminis-
tered for 2 years. Forty-three (82.7%) patients received S-1 continuously for 2 years without
dose reduction. Hematological toxicity was found in 98.1% of the patients; however, only
two (3.8%) patients were grade 3. Nonhematological toxicity was found in 15 (28.8%)
patients, and all cases were grade 1. The 3year DFS and OS rates were 82.6% and 94%,
respectively.

Three studies examined the effectiveness and toxicity profiles using metronomic
therapy in recurrent/metastatic OCSCC patients. Patil et al. conducted a prospective
randomized phase II clinical trial, comparing metronomic chemotherapy with single agent
(three-weekly cisplatin (75 mg/m2)) in recurrent/metastatic HNSCC patients. The metro-
nomic chemotherapy consisted of weekly oral methotrexate (MTX; 15 mg/m2) and daily
celecoxib (200 mg twice daily) [106]. MTX is one of the commonly used chemotherapeutic
agents in HNSCC [107]. Celecoxib, a nonsteroidal anti-inflammatory agent, was found to
have an antiangiogenesis effect in preclinical experiments [108,109]. A total of 110 patients
were enrolled in the study, with 57 randomized to the metronomic arm and 53 to the
cisplatin arm. The primary oral cancer patients accounted for 75–77% of the cohort in both
the groups. The metronomic arm had a significantly longer progression-free survival (PFS;
median PFS: 101 vs. 66 days, p = 0.014) and OS (median OS: 249 vs. 152 days, p = 0.02)
compared with the cisplatin arm. Moreover, the response rate (RR) and clinical beneficial
rate were better in the metronomic arm compared with the cisplatin arm: 12.3% versus
1.9% and 54.4% versus 32.1%, respectively. Fewer grade 3–4 adverse events were noted in
the metronomic arm compared with the cisplatin arm (18.9% vs. 31.4%, p = 0.14), without
statistical significance [110]. Due to the promising results of the phase II study, the same
group did an open-label, parallel-group, noninferiority, randomized phase 3 trial. The
treatments of the experimental arm and control arm were still MTX plus celecoxib versus
three-weekly cisplatin (75 mg/m2). Overall, 418 patients (211 in the oral metronomic
chemotherapy group and 207 in the intravenous cisplatin group) were included in the
per-protocol analysis. At a median follow-up of 15.73 months, the primary endpoint,
median overall survival, was 7.5 months in the oral metronomic chemotherapy group
compared with 6.1 months in the intravenous cisplatin group (HR ratio for death 0.775;
95% confidence interval 0.616–0.974, p =0.029). Grade 3 or higher adverse events were
observed in 37(19%) of 196 patients in the oral metronomic chemotherapy group versus
61(30%) of 202 patients in the cisplatin group [111]. This was the first phase III study to
demonstrate that metronomic chemotherapy resulted in better survival and a preferable
toxicity profile in recurrent/metastatic head and neck cancer. Actually, the oral cavity
cancers consisted of about 80% of the overall population. The study design and its results
undoubtedly added a more solid evidence to the application of metronomic treatment in
OCSCC. In another study, a single arm phase I/II trial, Patil et al. determined the dose and
evaluated the efficacy of triple metronomic chemotherapy in platinum-refractory oral can-
cer patients [110]. The regimen included fixed dose erlotinib (an anti-EGFR tyrosine kinase
inhibitor; 150 mg/day) and celecoxib (200 mg twice daily). In phase I, they first determined
the optimal biological dose (OBD) of MTX by de-escalating from weekly 15 mg/m2 and
found 9 mg/m2 to be the OBD. Overall, 91 patients were enrolled in the study. The median
PFS and OS were 4.6 and 7.17 months, respectively. The overall best RR was 42.9%, which
was superior to the second line treatment (RR = 2.2–13.6%) in platinum-refractory HN-
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SCC [18,19,107]. The most common grade 3–4 toxicity was hyponatremia (14.8%), followed
by elevation of aspartate transaminase (AST) and alanine transaminase (ALT) levels (4.5%
and 5.7%, respectively).

5. Advantages and Limitations of Metronomic Therapy in OCSCC

Our data review revealed that metronomic therapy does achieve comparable disease
control rate in OCSCC and has a favorable toxicity profile compared with standard sys-
temic chemotherapy, such as platinum. However, more solid and high-level evidence
(e.g., randomized phase III trials) is required to consolidate the role of metronomic ther-
apy. In addition, we found that the optimal metronomic dosage for OCSCC is not well
defined. Pharmacodynamic and pharmacokinetic analysis of the metronomic dosing might
provide valuable information for determining the optimal dose [112–114]. Considering
the viewpoint of healthcare economics, metronomic therapy truly curtails the cost [115].
The reasons for cost reduction are as follows: (1) metronomic agents are not newly devel-
oped, (2) enteral administration is performed, and (3) less high-grade toxicities occur that
might avoid additional supportive agents or admission. These advantages of metronomic
therapy might relieve the soaring healthcare cost and facilitate patients in areas with insuf-
ficient medical resources [116]. Although the enteral route for metronomic agents brings
convenience and at-home treatment, it should be noted that some OCSCC patients have
difficulty in swallowing. This issue matters and affects patient compliance if metronomic
chemotherapy is used as adjuvant/maintenance therapy in OCSCC, which might last for
1–2 years [103,104].

6. Future Perspectives of Metronomic Therapy in OCSCC

Antiangiogenesis and immunomodulation are the two main mechanisms of action
of metronomic therapy [117]. As far as we understand, these two mechanisms might
have synergistic effects with contemporary immunotherapy [118,119]. Some preliminary
experiments using combined metronomic chemotherapy and vaccine or oncolytic virus in
advanced cancers have been reported [120,121]. Although not in OCSCC, some ongoing
clinical trials are studying the use of current immune checkpoint inhibitor and metronomic
chemotherapy combination in lung cancer (NCT03801304), breast cancer (NCT03007992),
pediatric tumors (NCT03585465), and sarcomas (NCT02406781). The results are eagerly
awaited, and this strategy can hopefully be tested in OCSCC patients.

7. Conclusions

Oral squamous cell carcinoma is a heterogenous disease with a high unmet medical
requirement. The cure rate and accompanied complications have not improved despite
high-intensity treatment. Metronomic therapy provides an alternative treatment choice in
contrast to traditional chemotherapy. Its mechanism of action is as follows: angiogenesis
inhibition, immunomodulation, and overcoming drug resistance. A comparative disease
control rate and superior toxicity profile are its advantages. It is widely applicable in
clinical patient care. However, randomized phase III trials comparing it with the standard
care are required to demonstrate its effectiveness. We can anticipate that more studies
focusing on metronomic therapy with novel agent combination, such as immunotherapy,
will be conducted in the future and translated into clinical treatment benefits.
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