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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/m? 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 BRCAI 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 Il 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/m? q3w) with weekly docetaxel (30 mg/m? qlw) 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/m?, but a phase III study of a Scandinavian PROSTY
group demonstrated at least similar activity of biweekly docetaxel 50 mg/m? 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 Il TROPIC study comparing cabazitaxel 25 mg/m? 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 IIl PROSELICA study aimed to compare a lower dose
of cabazitaxel (20 mg/ m? g3w) 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 1«
(HIF1«x) 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-1a and HIF-2a, 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 yoT 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-«B 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.

Number of Biochemical Response PFS/OS

Regmien Patients (>50% PSA Reduction) (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% ! NR/NR [94]

CTX 500 mg/m? i.v. induction (day 1.) — CTX 50 mg/d o

p-o. + CXB 200 mg p.o. bid + DEX 1 mg/d p.o. 28 32% 3.0/21.0 1951

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 iv12x qw — q2w + prednisone 10 mg/d p.o. 14 36% 45/17 [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 g21 + CTX 50 mg/d o
p-o. + thalidomide 100 mg/d p.o. + prednisone 5 mg bid p.o. 28 35.7% 47/195 [102]
2 2 4

DXL 35 mg/m* i.v. qw +(4Cg,1212§)5 mg/m* bid d 5-18 q4w 4 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/m? i.v. qw + cyclophosphamide 50 mg/d p.o. (two patients), (iii) paclitaxel
60 mg/m? qw + capecitabine 1500-2000 mg/d (depending on patient weight) p.o. (two
patients), (iv) paclitaxel 60 mg/m? 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/m? 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.



J. Clin. Med. 2022, 11, 2853 9 of 14

Author Contributions: Conceptualization, PJ.W. and M.L.W.; methodology, PJ.W. and M.T.L.; for-
mal analysis, PJ.W.; investigation, P.J.W. and M.T.L.; data curation, M.T.L.; writing—original draft
preparation, PJ.W. and M.L.W.; writing—review and editing, P.J.W. All authors have read and agreed
to the published version of the manuscript.

Funding: The research was funded by Jagiielonian University—Medical College grant No N41/DBS/
000706.

Informed Consent Statement: Informed consent was obtained from all subjects receiving metro-
nomic treatment analyzed in the study.

Conflicts of Interest: The authors declare no conflict of interest. ONCOAID is a diagnostic com-
pany privately owned by Wysocka, which provides microbiome and laboratory diagnostics for
cancer patients.

References

10.

11.

12.

13.

14.

15.

16.

Potocki, PM.; Wysocki, PJ. Evolution of prostate cancer therapy. Part 1. Oncol. Clin. Pract. 2022. [CrossRef]

Karantanos, T.; Corn, P.G.; Thompson, T.C. Prostate cancer progression after androgen deprivation therapy: Mechanisms of
castrate resistance and novel therapeutic approaches. Oncogene 2013, 32, 5501-5511. [CrossRef]

Stanbrough, M.; Bubley, G.J.; Ross, K.; Golub, T.R.; Rubin, M.A_; Penning, T.M.; Febbo, P.G.; Balk, S.P. Increased expression of
genes converting adrenal androgens to testosterone in androgen-independent prostate cancer. Carncer Res. 2006, 66, 2815-2825.
[CrossRef] [PubMed]

Beer, T.M.; Armstrong, A.]J.; Rathkopf, D.E.; Loriot, Y.; Sternberg, C.N.; Higano, C.S.; Iversen, P.; Bhattacharya, S.; Carles, J.;
Chowdhury, S.; et al. Enzalutamide in metastatic prostate cancer before chemotherapy. N. Engl. ]. Med. 2014, 371, 424-433.
[CrossRef]

Scher, H.I; Fizazi, K.; Saad, F.; Taplin, M.-E.; Sternberg, C.N.; Miller, K.; de Wit, R.; Mulders, P.; Chi, K.N.; Shore, N.D.; et al.
Increased survival with enzalutamide in prostate cancer after chemotherapy. N. Engl. . Med. 2012, 367, 1187-1197. [CrossRef]
[PubMed]

de Bono, J.S.; Logothetis, C.J.; Molina, A.; Fizazi, K.; North, S.; Chu, L.; Chi, K.N.; Jones, R.J.; Goodman, O.B.; Saad, F,; et al.
Abiraterone and increased survival in metastatic prostate cancer. N. Engl. ]. Med. 2011, 364, 1995-2005. [CrossRef] [PubMed]
Ryan, C.J.; Smith, M.R.; de Bono, J.S.; Molina, A.; Logothetis, C.]J.; de Souza, P.; Fizazi, K.; Mainwaring, P; Piulats, ] M.; Ng, S.;
et al. Abiraterone in metastatic prostate cancer without previous chemotherapy. N. Engl. ]. Med. 2013, 368, 138-148. [CrossRef]
[PubMed]

Saad, F.; Efstathiou, E.; Attard, G.; Flaig, T.W.; Franke, F.; Goodman, O.B.; Oudard, S.; Steuber, T.; Suzuki, H.; Wu, D.; et al.
Apalutamide plus abiraterone acetate and prednisone versus placebo plus abiraterone and prednisone in metastatic, castration-
resistant prostate cancer (ACIS): A randomised, placebo-controlled, double-blind, multinational, phase 3 study. Lancet Oncol.
2021, 22, 1541-1559. [CrossRef]

Berthold, D.R.; Pond, G.R.; Soban, F.; de Wit, R.; Eisenberger, M.; Tannock, I.F. Docetaxel plus prednisone or mitoxantrone plus
prednisone for advanced prostate cancer: Updated survival in the TAX 327 study. J. Clin. Oncol. 2008, 26, 242-245. [CrossRef]
James, N.D.; Sydes, M.R.; Clarke, N.W.; Mason, M.D.; Dearnaley, D.P.; Spears, M.R.; Ritchie, A.W.S.; Parker, C.C.; Russell, M.;
Attard, G.; et al. Addition of docetaxel, zoledronic acid, or both to Fi Rst-line long-term hormone therapy in prostate cancer
(STAMPEDE): Survival results from an adaptive, multiarm, multistage, platform randomised controlled trial. Lancet 2016,
387,1163-1177. [CrossRef]

Sweeney, C.J.; Chen, Y.-H.; Carducci, M.; Liu, G.; Jarrard, D.E; Eisenberger, M.; Wong, Y.-N.; Hahn, N.; Kohli, M,;
Cooney, M.M,; etal. Chemohormonal therapy in metastatic hormone-sensitive prostate cancer. N. Engl. ]. Med. 2015,
373, 737-746. [CrossRef] [PubMed]

Aggarwal, R.; Huang, J.; Alumkal, ].J.; Zhang, L.; Feng, EY.; Thomas, G.V.; Weinstein, A.S.; Friedl, V.; Zhang, C.; Witte, O.N.; et al.
Clinical and genomic characterization of treatment-emergent small-cell neuroendocrine prostate cancer: A multi-institutional
prospective study. J. Clin. Oncol. 2018, 36, 2492-2503. [CrossRef] [PubMed]

Epstein, ]J.I.; Amin, M.B.; Beltran, H.; Lotan, T.L.; Mosquera, J.M.; Reuter, V.E.; Robinson, B.D.; Troncoso, P.; Rubin, M.A.
Proposed morphologic classification of prostate cancer with neuroendocrine differentiation. Am. J. Surg. Pathol. 2014, 38, 756-767.
[CrossRef] [PubMed]

Humeniuk, M.S.; Gupta, R.T.; Healy, P; McNamara, M.; Ramalingam, S.; Harrison, M.; George, D.; Zhang, T.; Wu, Y.; Armstrong,
A.]. Platinum sensitivity in metastatic prostate cancer: Does histology matter? Prostate Cancer Prostatic Dis. 2018, 21, 92-99.
[CrossRef]

Kote-Jarai, Z.; Leongamornlert, D.; Saunders, E.; Tymrakiewicz, M.; Castro, E.; Mahmud, N.; Guy, M.; Edwards, S.; O’Brien, L.;
Sawyer, E.; et al. BRCA2 is a moderate penetrance gene contributing to young-onset prostate cancer: Implications for genetic
testing in prostate cancer patients. Br. J. Cancer 2011, 105, 1230-1234. [CrossRef]

Leongamornlert, D.; Mahmud, N.; Tymrakiewicz, M.; Saunders, E.; Dadaev, T.; Castro, E.; Goh, C.; Govindasami, K.; Guy, M.;
O’Brien, L.; et al. Germline BRCA1 mutations increase prostate cancer risk. Br. J. Cancer 2012, 106, 1697-1701. [CrossRef]


http://doi.org/10.5603/OCP.2021.0001
http://doi.org/10.1038/onc.2013.206
http://doi.org/10.1158/0008-5472.CAN-05-4000
http://www.ncbi.nlm.nih.gov/pubmed/16510604
http://doi.org/10.1056/NEJMoa1405095
http://doi.org/10.1056/NEJMoa1207506
http://www.ncbi.nlm.nih.gov/pubmed/22894553
http://doi.org/10.1056/NEJMoa1014618
http://www.ncbi.nlm.nih.gov/pubmed/21612468
http://doi.org/10.1056/NEJMoa1209096
http://www.ncbi.nlm.nih.gov/pubmed/23228172
http://doi.org/10.1016/S1470-2045(21)00402-2
http://doi.org/10.1200/JCO.2007.12.4008
http://doi.org/10.1016/S0140-6736(15)01037-5
http://doi.org/10.1056/NEJMoa1503747
http://www.ncbi.nlm.nih.gov/pubmed/26244877
http://doi.org/10.1200/JCO.2017.77.6880
http://www.ncbi.nlm.nih.gov/pubmed/29985747
http://doi.org/10.1097/PAS.0000000000000208
http://www.ncbi.nlm.nih.gov/pubmed/24705311
http://doi.org/10.1038/s41391-017-0017-6
http://doi.org/10.1038/bjc.2011.383
http://doi.org/10.1038/bjc.2012.146

J. Clin. Med. 2022, 11, 2853 10 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

Pritchard, C.C.; Mateo, J.; Walsh, M.E,; de Sarkar, N.; Abida, W.; Beltran, H.; Garofalo, A.; Gulati, R.; Carreira, S.; Eeles, R.; et al.
Inherited DNA-repair gene mutations in men with metastatic prostate cancer. N. Engl. |. Med. 2016, 375, 443-453. [CrossRef]

de Bono, J.; Mateo, J.; Fizazi, K,; Saad, F,; Shore, N.; Sandhu, S.; Chi, K.N.; Sartor, O.; Agarwal, N.; Olmos, D.; et al. Olaparib for
metastatic castration-resistant prostate cancer. N. Engl. J. Med. 2020, 382, 2091-2102. [CrossRef]

Tannock, LE; Osoba, D.; Stockler, M.R.; Ernst, D.S.; Neville, A.J.; Moore, M.].; Armitage, G.R.; Wilson, ].J.; Venner, PM,;
Coppin, C.M.; et al. Chemotherapy with mitoxantrone plus prednisone or prednisone alone for symptomatic hormone-resistant
prostate cancer: A canadian randomized trial with palliative end points. J. Clin. Oncol. 1996, 14, 1756-1764. [CrossRef]
Petrylak, D.P.; Tangen, C.M.; Hussain, M.H.A; Lara, P.N,, Jr;; Jones, J.A.; Taplin, M.E.; Burch, P.A.; Berry, D.; Moinpour, C.;
Kohli, M.; et al. Docetaxel and estramustine compared with mitoxantrone and prednisone for advanced refractory prostate cancer.
N. Engl. ]. Med. 2009, 351, 1513-1520. [CrossRef]

Berthold, D.R.; Pond, G.R.; Roessner, M.; de Wit, R.; Eisenberger, M.; Tannock, I.F. Treatment of hormone-refractory prostate
cancer with docetaxel or mitoxantrone: Relationships between prostate-specific antigen, pain, and quality of life response and
survival in the TAX-327 study. Clin. Cancer Res. 2008, 14, 2763-2767. [CrossRef] [PubMed]

Kellokumpu-Lehtinen, P.L.; Harmenberg, U.; Joensuu, T.; McDermott, R.; Hervonen, P.; Ginman, C.; Luukkaa, M.; Nyandoto, P;
Hemminki, A.; Nilsson, S.; et al. 2-weekly versus 3-weekly docetaxel to treat castration-resistant advanced prostate cancer: A
randomised, phase 3 trial. Lancet Oncol. 2013, 14, 117-124. [CrossRef]

Kellokumpu-Lehtinen, P-L.I; Harmenberg, U.; Hervonen, P.; Joensuu, TK.; McDermott, R.S.; Ginman, C.; Luukkaa, M.;
Nyandoto, P.; Hemminki, A.; Nilsson, S.; et al. Triweekly docetaxel versus biweekly docetaxel as a treatment for advanced
castration resistant prostate cancer: Quality of life analysis. J. Clin. Oncol. 2014, 32, 23. [CrossRef]

Garcia, J.A.; Hutson, T.E.; Shepard, D.; Elson, P.; Dreicer, R. Gemcitabine and docetaxel in metastatic, castrate-resistant prostate
cancer. Cancer 2011, 117, 752-757. [CrossRef] [PubMed]

Madan, R.A.; Karzai, FH.; Ning, YM.; Adesunloye, B.A.; Huang, X.; Harold, N.; Couvillon, A.; Chun, G.; Cordes, L.;
Sissung, T.; et al. Phase II trial of docetaxel, bevacizumab, lenalidomide and prednisone in patients with metastatic castration-
resistant prostate cancer. BJU Int. 2016, 118, 590-597. [CrossRef] [PubMed]

Picus, J.; Halabi, S.; Kelly, WK.; Vogelzang, N.J.; Whang, Y.E.; Kaplan, E.B.; Stadler, W.M.; Small, E.J. A phase 2 study of
Estramustine, docetaxel, and bevacizumab in men with castrate-resistant prostate cancer. Cancer 2011, 117, 526-533. [CrossRef]
Gross, M.E.; Dorff, T.B.; Quinn, D.I,; Diaz, PM.; Castellanos, O.O.; Agus, D.B. Safety and efficacy of docetaxel, bevacizumab, and
everolimus for castration-resistant prostate cancer (CRPC). Clin. Genitourin. Cancer 2017, 16, e11-e21. [CrossRef]

Tannock, I.E; Fizazi, K.; Ivanov, S.; Karlsson, C.T.; Fléchon, A.; Skoneczna, I.; Orlandi, F.; Gravis, G.; Matveev, V.; Bavbek, S.; et al.
Aflibercept versus placebo in combination with docetaxel and prednisone for treatment of men with metastatic castration-resistant
prostate cancer (VENICE): A phase 3, double-blind randomised trial. Lancet Oncol. 2013, 14, 760-768. [CrossRef]

de Bono, J.S.; Oudard, S.; Ozguroglu, M.; Hansen, S.; MacHiels, J.P.; Kocak, I.; Gravis, G.; Bodrogi, I.; MacKenzie, M.].;
Shen, L.; et al. Prednisone plus cabazitaxel or mitoxantrone for metastatic castration-resistant prostate cancer progressing after
docetaxel treatment: A randomised open-label trial. Lancet 2010, 376, 1147-1154. [CrossRef]

Eisenberger, M.; Hardy-Bessard, A.C.; Kim, C.S.; Géczi, L.; Ford, D.; Mourey, L.; Carles, ].; Parente, P.; Font, A.; Kacso, G.; et al.
Phase 11T study comparing a reduced dose of cabazitaxel (20 Mg/m?) and the currently approved dose (25 Mg/m?) in postdoc-
etaxel patients with metastatic castration-resistant prostate cancer-PROSELICA. J. Clin. Oncol. 2017, 35, 3198-3206. [CrossRef]
Cazzaniga, M.; Cordani, N.; Capici, S.; Cogliati, V.; Riva, F; Cerrito, M. Metronomic chemotherapy. Cancers 2021, 13, 2236.
[CrossRef] [PubMed]

Cazzaniga, M.E.; Munzone, E.; Bocci, G.; Afonso, N.; Gomez, P.; Langkjer, S.; Petru, E.; Pivot, X.; Sanchez Rovira, P;
Wysocki, P; et al. Pan-european expert meeting on the use of metronomic chemotherapy in advanced breast cancer patients: The
PENELORPE project. Adv. Ther. 2019, 36, 381-406. [CrossRef] [PubMed]

Huuhtanen, R.L.; Wiklund, T.A.; Blomqvist, C.P.; Bohling, T.O.; Virolainen, M.].; Tribukait, B.; Andersson, L.C. A high proliferation
rate measured by cyclin a predicts a favourable chemotherapy response in soft tissue sarcoma patients. Br. . Cancer 1999,
81,1017-1021. [CrossRef] [PubMed]

Bonetti, A.; Zaninelli, M.; Rodella, S.; Molino, A.; Sperotto, L.; Piubello, Q.; Bonetti, F.; Nortilli, R.; Turazza, M.; Cetto, G.L.
Tumor proliferative activity and response to first-line chemotherapy in advanced breast carcinoma. Breast Cancer Res. Treat. 1996,
38, 289-297. [CrossRef]

Richardsen, E.; Andersen, S.; Al-Saad, S.; Rakaee, M.; Nordby, Y.; Pedersen, M.I,; Ness, N.; Grindstad, T.; Movik, I,
Donnem, T,; et al. Evaluation of the proliferation marker Ki-67 in a large prostatectomy cohort. PLoS ONE 2017, 12, e0186852.
[CrossRef]

Fantony, ].J.; Howard, L.E.; Csizmadi, I.; Armstrong, A.J.; Lark, A.L.; Galet, C.; Aronson, W.J.; Freedland, S.J. Is Ki67 prognostic
for aggressive prostate cancer? A multicenter real-world study. Biomark. Med. 2018, 12, 727-736. [CrossRef]

Folkman, J. Tumor angiogenesis: Therapeutic implications. N. Engl. ]. Med. 2010, 285, 1182-1186. [CrossRef]

Hanahan, D.; Bergers, G.; Bergsland, E. Less is more, regularly: Metronomic dosing of cytotoxic drugs can target tumor
angiogenesis in mice. . Clin. Investig. 2000, 105, 1045-1047. [CrossRef]

Kerbel, R.S.; Kamen, B.A. The anti-angiogenic basis of metronomic chemotherapy. Nat. Rev. Cancer 2004, 4, 423-436. [CrossRef]


http://doi.org/10.1056/NEJMoa1603144
http://doi.org/10.1056/NEJMoa1911440
http://doi.org/10.1200/JCO.1996.14.6.1756
http://doi.org/10.1056/NEJMoa041318
http://doi.org/10.1158/1078-0432.CCR-07-0944
http://www.ncbi.nlm.nih.gov/pubmed/18451243
http://doi.org/10.1016/S1470-2045(12)70537-5
http://doi.org/10.1200/jco.2014.32.4_suppl.23
http://doi.org/10.1002/cncr.25457
http://www.ncbi.nlm.nih.gov/pubmed/20922803
http://doi.org/10.1111/bju.13412
http://www.ncbi.nlm.nih.gov/pubmed/26780387
http://doi.org/10.1002/cncr.25421
http://doi.org/10.1016/j.clgc.2017.07.003
http://doi.org/10.1016/S1470-2045(13)70184-0
http://doi.org/10.1016/S0140-6736(10)61389-X
http://doi.org/10.1200/JCO.2016.72.1076
http://doi.org/10.3390/cancers13092236
http://www.ncbi.nlm.nih.gov/pubmed/34066606
http://doi.org/10.1007/s12325-018-0844-4
http://www.ncbi.nlm.nih.gov/pubmed/30565179
http://doi.org/10.1038/sj.bjc.6690801
http://www.ncbi.nlm.nih.gov/pubmed/10576659
http://doi.org/10.1007/BF01806148
http://doi.org/10.1371/journal.pone.0186852
http://doi.org/10.2217/bmm-2017-0322
http://doi.org/10.1056/NEJM197111182852108
http://doi.org/10.1172/JCI9872
http://doi.org/10.1038/nrc1369

J. Clin. Med. 2022, 11, 2853 11 0f 14

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Park, M.; Kim, J.Y.; Kim, J.; Lee, J.H.; Kwon, Y.G.; Kim, Y.M. Low-dose metronomic doxorubicin inhibits mobilization and
differentiation of endothelial progenitor cells through REDD1-mediated VEGFR-2 downregulation. BMB Rep. 2021, 54, 470-475.
[CrossRef]

Kim, J.Y.; Kim, Y.M. Tumor endothelial cells as a potential target of metronomic chemotherapy. Arch. Pharmacal Res. 2019, 42, 1-13.
[CrossRef] [PubMed]

Schito, L.; Rey, S.; Xu, P; Man, S.; Cruz-Mufoz, W.; Kerbel, R.S. Metronomic chemotherapy offsets HIFx induction upon
maximum-tolerated dose in metastatic cancers. EMBO Mol. Med. 2020, 12, e11416. [CrossRef] [PubMed]

Bocci, G.; Francia, G.; Man, S.; Lawler, J.; Kerbel, R.S. Thrombospondin 1, a mediator of the antiangiogenic effects of low-dose
metronomic chemotherapy. Proc. Natl. Acad. Sci. USA 2003, 100, 12917-12922. [CrossRef]

Steinbild, S.; Arends, J.; Medinger, M.; Héring, B.; Frost, A.; Drevs, J.; Unger, C.; Strecker, R.; Hennig, J.; Mross, K. Metronomic
antiangiogenic therapy with capecitabine and celecoxib in advanced tumor patients—Results of a phase II study. Onkologie 2007,
30, 629-635. [CrossRef] [PubMed]

Mpekris, F,; Baish, J.W.; Stylianopoulos, T.; Jain, R.K. Role of Vascular Normalization in Benefit from Metronomic Chemotherapy.
Proc. Natl. Acad. Sci. USA 2017, 114, 1994-1999. [CrossRef]

Natale, G.; Bocci, G. Does metronomic chemotherapy induce tumor angiogenic dormancy? A review of available preclinical and
clinical data. Cancer Lett. 2018, 432, 28-37. [CrossRef]

Galluzzi, L.; Senovilla, L.; Zitvogel, L.; Kroemer, G. The secret ally: Immunostimulation by anticancer drugs. Nat. Rev. Drug.
Discov. 2012, 11, 215-233. [CrossRef]

Zitvogel, L.; Apetoh, L.; Ghiringhelli, F; André, E; Tesniere, A.; Kroemer, G. The anticancer immune response: Indispensable for
therapeutic success? J. Clin. Investig. 2008, 118, 1991-2001. [CrossRef]

Konopka, K.; Micek, A.; Ochenduszko, S.; Streb, J.; Potocki, P.; Kwinta, L.; Wysocki, P.J. Combined neutrophil-to-lymphocyte and
platelet-volume-to-platelet ratio (NLR and PVPR score) represents a novel prognostic factor in advanced gastric cancer patients. J.
Clin. Med. 2021, 10, 3902. [CrossRef]

Meisel, A.; von Felten, S.; Vogt, D.R.; Liewen, H.; de Wit, R.; de Bono, J.; Sartor, O.; Stenner-Liewen, F. Severe neutropenia during
cabazitaxel treatment is associated with survival benefit in men with metastatic castration-resistant prostate cancer (MCRPC): A
post-hoc analysis of the tropic phase III trial. Eur. ]. Cancer 2016, 56, 93-100. [CrossRef]

Tesniere, A.; Apetoh, L.; Ghiringhelli, F; Joza, N.; Panaretakis, T.; Kepp, O.; Schlemmer, E; Zitvogel, L.; Kroemer, G. Inmunogenic
cancer cell death: A key-lock paradigm. Curr. Opin. Immunol. 2008, 20, 504-511. [CrossRef] [PubMed]

Banissi, C.; Ghiringhelli, F.; Chen, L.; Carpentier, A.F. Treg depletion with a low-dose metronomic temozolomide regimen in a rat
glioma model. Cancer Immunol. Immunother. 2009, 58, 1627-1634. [CrossRef] [PubMed]

Ghiringhelli, F; Menard, C.; Puig, PE.; Ladoire, S.; Roux, S.; Martin, F; Solary, E.; le Cesne, A.; Zitvogel, L.; Chauffert, B.
Metronomic cyclophosphamide regimen selectively depletes CD4*CD25* regulatory T cells and restores T and NK effector
functions in end stage cancer patients. Cancer Immunol. Immunother. 2007, 56, 641-648. [CrossRef] [PubMed]

Zhao, J.; Cao, Y,; Lei, Z.; Yang, Z.; Zhang, B.; Huang, B. Selective depletion of CD4*CD25*Foxp3* regulatory T cells by low-dose
cyclophosphamide is explained by reduced intracellular ATP levels. Cancer Res. 2010, 70, 4850-4858. [CrossRef] [PubMed]

Kan, S.; Hazama, S.; Maeda, K; Inoue, Y.; Homma, S.; Koido, S.; Okamoto, M.; Oka, M. Suppressive effects of cyclophosphamide
and gemcitabine on regulatory T-cell induction in vitro. Anticancer Res. 2012, 32, 5363-5369. [PubMed]

Kaneno, R.; Shurin, G.V,; Tourkova, L.L.; Shurin, M.R. Chemomodulation of human dendritic cell function by antineoplastic
agents in low noncytotoxic concentrations. J. Transl. Med. 2009, 7, 58. [CrossRef]

Kaneno, R.; Shurin, G.V.;; Kaneno, EM.; Naiditch, H.; Luo, J.; Shurin, M.R. Chemotherapeutic agents in low noncytotoxic
concentrations increase immunogenicity of human colon cancer cells. Cell Oncol. 2011, 34, 97-106. [CrossRef]

Michels, T.; Shurin, G.V.; Naiditch, H.; Sevko, A.; Umansky, V.; Shurin, M.R. Paclitaxel promotes differentiation of myeloid-derived
suppressor cells into dendritic cells in vitro in a TLR4-independent manner. J. Immunotoxicol. 2012, 9, 292-300. [CrossRef]
Sierro, S.R.; Donda, A.; Perret, R.; Guillaume, P; Yagita, H.; Levy, E,; Romero, P. Combination of lentivector immunization and
low-dose chemotherapy or PD-1/PD-L1 blocking primes self-reactive T cells and induces anti-tumor immunity. Eur. ]. Immunol.
2011, 41, 2217-2228. [CrossRef]

Geary, S.M.; Lemke, C.D.; Lubaroff, D.M.; Salem, A.K. The combination of a low-dose chemotherapeutic agent, 5-fluorouracil, and
an adenoviral tumor vaccine has a synergistic benefit on survival in a tumor model system. PLoS ONE 2013, 8, e67904. [CrossRef]
Todaro, M.; Meraviglia, S.; Caccamo, N.; Stassi, G.; Dieli, F. Combining conventional chemotherapy and y5 T cell-based
immunotherapy to target cancer-initiating cells. Oncoimmunology 2013, 2, €25821. [CrossRef] [PubMed]

Vives, M.; Ginesta, M.M.; Gracova, K.; Graupera, M.; Casanovas, O.; Capella, G.; Serrano, T.; Laquente, B.; Vifials, F. Metronomic
chemotherapy following the maximum tolerated dose is an effective anti-tumour therapy affecting angiogenesis, tumour
dissemination and cancer stem cells. Int. . Cancer 2013, 133, 2464-2472. [CrossRef] [PubMed]

Kerbel, R.S.; Shaked, Y. The potential clinical promise of “multimodality” metronomic chemotherapy revealed by preclinical
studies of metastatic disease. Cancer Lett. 2017, 400, 293-304. [CrossRef] [PubMed]

Salem, A.R; Pulido, PM.; Sanchez, F.; Sanchez, Y.; Espafiol, A.J.; Sales, M.E. Effect of low dose metronomic therapy on MCF-7
tumor cells growth and angiogenesis. role of muscarinic acetylcholine receptors. Int. Immunopharmacol. 2020, 84, 106514.
[CrossRef]


http://doi.org/10.5483/BMBRep.2021.54.9.096
http://doi.org/10.1007/s12272-018-01102-z
http://www.ncbi.nlm.nih.gov/pubmed/30604201
http://doi.org/10.15252/emmm.201911416
http://www.ncbi.nlm.nih.gov/pubmed/32686360
http://doi.org/10.1073/pnas.2135406100
http://doi.org/10.1159/000110580
http://www.ncbi.nlm.nih.gov/pubmed/18063875
http://doi.org/10.1073/pnas.1700340114
http://doi.org/10.1016/j.canlet.2018.06.002
http://doi.org/10.1038/nrd3626
http://doi.org/10.1172/JCI35180
http://doi.org/10.3390/jcm10173902
http://doi.org/10.1016/j.ejca.2015.12.009
http://doi.org/10.1016/j.coi.2008.05.007
http://www.ncbi.nlm.nih.gov/pubmed/18573340
http://doi.org/10.1007/s00262-009-0671-1
http://www.ncbi.nlm.nih.gov/pubmed/19221744
http://doi.org/10.1007/s00262-006-0225-8
http://www.ncbi.nlm.nih.gov/pubmed/16960692
http://doi.org/10.1158/0008-5472.CAN-10-0283
http://www.ncbi.nlm.nih.gov/pubmed/20501849
http://www.ncbi.nlm.nih.gov/pubmed/23225438
http://doi.org/10.1186/1479-5876-7-58
http://doi.org/10.1007/s13402-010-0005-5
http://doi.org/10.3109/1547691X.2011.642418
http://doi.org/10.1002/eji.201041235
http://doi.org/10.1371/journal.pone.0067904
http://doi.org/10.4161/onci.25821
http://www.ncbi.nlm.nih.gov/pubmed/24244907
http://doi.org/10.1002/ijc.28259
http://www.ncbi.nlm.nih.gov/pubmed/23649709
http://doi.org/10.1016/j.canlet.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28202353
http://doi.org/10.1016/j.intimp.2020.106514

J. Clin. Med. 2022, 11, 2853 12 of 14

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Chan, T.S.; Hsu, C.C,; Pai, V.C,; Liao, W.Y,; Huang, S.S.; Tan, K.T.; Yen, C.J.; Hsu, S5.C.; Chen, W.Y,; Shan, Y.S.; et al. Metro-
nomic chemotherapy prevents therapy-induced stromal activation and induction of tumor-initiating cells. J. Exp. Med. 2016,
213, 2967-2988. [CrossRef] [PubMed]

Che, B.; Zhang, W.; Xu, S; Yin, J.; He, J.; Huang, T.; Li, W.; Yu, Y.; Tang, K. Prostate microbiota and prostate cancer: A new trend in
treatment. Front. Oncol. 2021, 11, 805459. [CrossRef]

Katongole, P; Sande, O.].; Joloba, M.; Reynolds, S.J.; Niyonzima, N. The human microbiome and its link in prostate cancer risk
and pathogenesis. Infect. Agents Cancer 2020, 15, 53. [CrossRef]

Sipos, A.; Ujlaki, G.; Miko, E.; Maka, E.; Szabd, ].; Uray, K.; Krasznai, Z.; Bai, P. The role of the microbiome in ovarian cancer:
Mechanistic insights into oncobiosis and to bacterial metabolite signaling. Mol. Med. 2021, 27, 33. [CrossRef]

Golombos, D.M.; Ayangbesan, A.; O’'Malley, P.; Lewicki, P.; Barlow, L.M.; Barbieri, C.E.; Chan, C.; DuLong, C.; Abu-Ali, G,;
Huttenhower, C.; et al. The role of gut microbiome in the pathogenesis of prostate cancer: A prospective, pilot study. Urology
2018, 111, 122-128. [CrossRef]

Sheng, Q.; Du, H.; Cheng, X.; Cheng, X.; Tang, Y.; Pan, L.; Wang, Q.; Lin, J. Characteristics of fecal gut microbiota in patients with
colorectal cancer at different stages and different sites. Oncol. Lett. 2019, 18, 4834-4844. [CrossRef]

Alanee, S.; El-Zawahry, A.; Dynda, D.; Dabaja, A.; McVary, K.; Karr, M.; Braundmeier-Fleming, A. A prospective study to examine
the association of the urinary and fecal microbiota with prostate cancer diagnosis after transrectal biopsy of the prostate using
16sRNA gene analysis. Prostate 2019, 79, 81-87. [CrossRef]

Cavarretta, I.; Ferrarese, R.; Cazzaniga, W.; Saita, D.; Luciano, R.; Ceresola, E.R.; Locatelli, I.; Visconti, L.; Lavorgna, G.; Briganti,
A_; et al. The microbiome of the prostate tumor microenvironment. Eur. Urol. 2017, 72, 625-631. [CrossRef] [PubMed]

Ivanov, L.I; Honda, K. Intestinal commensal microbes as immune modulators. Cell Host Microbe 2012, 12, 496-508. [CrossRef]
[PubMed]

Hooper, L.V,; Littman, D.R.; Macpherson, A.J. Interactions between the microbiota and the immune system. Science 2012,
336, 1268-1273. [CrossRef] [PubMed]

McAleer, J.P,; Kolls, J.K. Maintaining poise: Commensal microbiota calibrate interferon responses. Immunity 2012, 37, 10-12.
[CrossRef]

Viaud, S.; Saccheri, F.; Mignot, G.; Yamazaki, T.; Daillére, R.; Hannani, D.; Enot, D.P.; Pfirschke, C.; Engblom, C.; Pittet, M.].; et al.
The intestinal microbiota modulates the anticancer immune effects of cyclophosphamide. Science 2013, 342, 971-976. [CrossRef]
lida, N.; Dzutsev, A.; Stewart, C.A.; Smith, L.; Bouladoux, N.; Weingarten, R.A.; Molina, D.A; Salcedo, R.; Back, T.; Cramer, S.; et al.
Commensal bacteria control cancer response to therapy by modulating the tumor microenvironment. Sciernce 2013, 342, 967-970.
[CrossRef]

Sivan, A.; Corrales, L.; Hubert, N.; Williams, J.B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, EW.; Lei, Y.M.; Jabri, B.;
Alegre, M.L.; et al. Commensal bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science 2015,
350, 1084-1089. [CrossRef]

Elkrief, A.; Derosa, L.; Kroemer, G.; Zitvogel, L.; Routy, B. The negative impact of antibiotics on outcomes in cancer patients
treated with immunotherapy: A new independent prognostic factor? Ann. Oncol. 2019, 30, 1572-1579. [CrossRef]

Schett, A.; Rothschild, S.I.; Curioni-Fontecedro, A.; Krdhenbiihl, S.; Frith, M.; Schmid, S.; Driessen, C.; Joerger, M. Predictive
impact of antibiotics in patients with advanced non small-cell lung cancer receiving immune checkpoint inhibitors: Antibiotics
immune checkpoint inhibitors in advanced NSCLC. Cancer Chemother. Pharmacol. 2020, 85, 121-131. [CrossRef]

Derosa, L.; Hellmann, M.D.; Spaziano, M.; Halpenny, D.; Fidelle, M.; Rizvi, H.; Long, N.; Plodkowski, A.]J.; Arbour, K.C,;
Chaft, J.E.; et al. Negative association of antibiotics on clinical activity of immune checkpoint inhibitors in patients with advanced
renal cell and non-small-cell lung cancer. Ann. Oncol. 2018, 29, 1437-1444. [CrossRef] [PubMed]

Tinsley, N.; Zhou, C.; Tan, G.; Rack, S.; Lorigan, P; Blackhall, F; Krebs, M.; Carter, L.; Thistlethwaite, F.; Graham, D.; et al.
Cumulative antibiotic use significantly decreases efficacy of checkpoint inhibitors in patients with advanced cancer. Oncologist
2020, 25, 55-63. [CrossRef] [PubMed]

Matson, V,; Fessler, J.; Bao, R.; Chongsuwat, T.; Zha, Y.; Alegre, M.L.; Luke, J.J.; Gajewski, T.F. The commensal microbiome is
associated with anti-PD-1 efficacy in metastatic melanoma patients. Science 2018, 359, 104-108. [CrossRef] [PubMed]

Routy, B.; Chatelier, E.L.; Derosa, L.; Duong, C.PM.; Alou, M.T.; Daillére, R.; Fluckiger, A.; Messaoudene, M.; Rauber, C.; Roberti,
M.P; et al. Gut microbiome influences efficacy of PD-1-based immunotherapy against epithelial tumors. Sciernce 2018, 359, 91-97.
[CrossRef] [PubMed]

Davar, D.; Dzutsev, A K.; McCulloch, J.A.; Rodrigues, R.R.; Chauvin, ].M.; Morrison, R.M.; Deblasio, R.N.; Menna, C.; Ding, Q.;
Pagliano, O.; et al. Fecal microbiota transplant overcomes resistance to anti-PD-1 therapy in melanoma patients. Science 2021,
371, 595-602. [CrossRef]

Ma, J.; Gnanasekar, A.; Lee, A.; Li, W.T,; Haas, M.; Wang-Rodriguez, J.; Chang, E.Y.; Rajasekaran, M.; Ongkeko, W.M. Influence of
intratumor microbiome on clinical outcome and immune processes in prostate cancer. Cancers 2020, 12, 2524. [CrossRef]

Zhu, J.; Liao, M.; Yao, Z.; Liang, W.; Li, Q.; Liu, J.; Yang, H.; Ji, Y.; Wei, W.; Tan, A_; et al. Breast cancer in postmenopausal women
is associated with an altered gut metagenome. Microbiome 2018, 6, 136. [CrossRef]

Guan, X,; Ma, E; Sun, X;; Li, C,; Li, L,; Liang, F,; Li, S.; Yi, Z; Liu, B.; Xu, B. Gut microbiota profiling in patients with HER2-negative
metastatic breast cancer receiving metronomic chemotherapy of capecitabine compared to those under conventional dosage.
Front. Oncol. 2020, 10, 902. [CrossRef]


http://doi.org/10.1084/jem.20151665
http://www.ncbi.nlm.nih.gov/pubmed/27881732
http://doi.org/10.3389/fonc.2021.805459
http://doi.org/10.1186/s13027-020-00319-2
http://doi.org/10.1186/s10020-021-00295-2
http://doi.org/10.1016/j.urology.2017.08.039
http://doi.org/10.3892/ol.2019.10841
http://doi.org/10.1002/pros.23713
http://doi.org/10.1016/j.eururo.2017.03.029
http://www.ncbi.nlm.nih.gov/pubmed/28434677
http://doi.org/10.1016/j.chom.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23084918
http://doi.org/10.1126/science.1223490
http://www.ncbi.nlm.nih.gov/pubmed/22674334
http://doi.org/10.1016/j.immuni.2012.07.001
http://doi.org/10.1126/science.1240537
http://doi.org/10.1126/science.1240527
http://doi.org/10.1126/science.aac4255
http://doi.org/10.1093/annonc/mdz206
http://doi.org/10.1007/s00280-019-03993-1
http://doi.org/10.1093/annonc/mdy103
http://www.ncbi.nlm.nih.gov/pubmed/29617710
http://doi.org/10.1634/theoncologist.2019-0160
http://www.ncbi.nlm.nih.gov/pubmed/31292268
http://doi.org/10.1126/science.aao3290
http://www.ncbi.nlm.nih.gov/pubmed/29302014
http://doi.org/10.1126/science.aan3706
http://www.ncbi.nlm.nih.gov/pubmed/29097494
http://doi.org/10.1126/science.abf3363
http://doi.org/10.3390/cancers12092524
http://doi.org/10.1186/s40168-018-0515-3
http://doi.org/10.3389/fonc.2020.00902

J. Clin. Med. 2022, 11, 2853 13 of 14

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

André, N.; Banavali, S.; Snihur, Y.; Pasquier, E. Has the time come for metronomics in low-income and middle-income countries?
Lancet Oncol. 2013, 14, €239-e248. [CrossRef]

Fenioux, C.; Louvet, C.; Charton, E.; Rozet, F; Ropert, S.; Prapotnich, D.; Barret, E.; Sanchez-Salas, R.; Mombet, A;
Cathala, N.; et al. Switch from abiraterone plus prednisone to abiraterone plus dexamethasone at asymptomatic PSA progression
in patients with metastatic castration-resistant prostate cancer. BJU Int. 2019, 123, 300-306. [CrossRef]

Yang, Z.; Ni, Y.; Zhao, D.; Zhang, Y.; Wang, J.; Jiang, L.; Chen, D.; Wu, Z.; Wang, Y.; He, L.; et al. Corticosteroid switch
from prednisone to dexamethasone in metastatic castration-resistant prostate cancer patients with biochemical progression on
abiraterone acetate plus prednisone. BMC Cancer 2021, 21, 919. [CrossRef] [PubMed]

Romero-Laorden, N.; Lozano, R.; Jayaram, A.; Lopez-Campos, F,; Saez, M.I.; Montesa, A.; Gutierrez-Pecharoman, A.; Villatoro, R ;
Herrera, B.; Correa, R.; et al. Phase II pilot study of the prednisone to dexamethasone switch in metastatic castration-resistant
prostate cancer (MCRPC) patients with limited progression on abiraterone plus prednisone (SWITCH study). Br. ]. Cancer 2018,
119, 1052-1059. [CrossRef] [PubMed]

Glode, L.M.; Barqawi, A.; Crighton, E; Crawford, E.D.; Kerbel, R. Metronomic therapy with cyclophosphamide and dexametha-
sone for prostate carcinoma. Cancer 2003, 98, 1643-1648. [CrossRef]

Lord, R.; Nair, S.; Schache, A.; Spicer, J.; Somaihah, N.; Khoo, V.; Pandha, H. Low dose metronomic oral cyclophosphamide for
hormone resistant prostate cancer: A phase II study. . Urol. 2007, 177, 2136-2140. [CrossRef]

Fontana, A.; Galli, L.; Fioravanti, A.; Orlandi, P; Galli, C.; Landi, L.; Bursi, S.; Allegrini, G.; Fontana, E.; di Marsico, R.; et al.
Clinical and pharmacodynamic evaluation of metronomic cyclophosphamide, celecoxib, and dexamethasone in advanced
hormone-refractory prostate cancer. Clin. Cancer Res. 2009, 15, 4954-4962. [CrossRef] [PubMed]

Nelius, T.; Klatte, T.; de Riese, W.; Haynes, A.; Filleur, S. Clinical outcome of patients with docetaxel-resistant hormone-refractory
prostate cancer treated with second-line cyclophosphamide-based metronomic chemotherapy. Med. Oncol. 2010, 27, 363-367.
[CrossRef]

Dabkara, D.; Ganguly, S.; Biswas, B.; Ghosh, J. Metronomic therapy in metastatic castrate-resistant prostate cancer: Experience
from a tertiary cancer care center. Indian J. Cancer 2018, 55, 94-97. [CrossRef]

Ladoire, S.; Eymard, J.C.; Zanetta, S.; Mignot, G.; Martin, E.; Kermarrec, I.; Mourey, E.; Michel, F.; Cormier, L.U.C.; Ghiringhelli, F.
Metronomic oral cyclophosphamide prednisolone chemotherapy is an effective treatment for metastatic hormone-refractory
prostate cancer after docetaxel failure. Anticancer Res. 2010, 30, 4317-4323.

Robles, C.; Furst, A.].; Sriratana, P; Lai, S.; Chua, L.; Donnelly, E.; Solomon, J.; Sundaram, M.; Feun, L.; Savaraj, N. Phase II study
of vinorelbine with low dose prednisone in the treatment of hormone-refractory metastatic prostate cancer. Oncol. Rep. 2003,
10, 885-889. [CrossRef]

Gebbia, V.; Boussen, H.; Valerio, M.R. Oral metronomic cyclophosphamide with and without methotrexate as palliative treatment
for patients with metastatic breast carcinoma. Anticancer Res. 2012, 32, 529-536.

Hatano, K.; Nonomura, N.; Nishimura, K.; Kawashima, A.; Mukai, M.; Nagahara, A.; Nakai, Y.; Nakayama, M.; Takayama, H.;
Tsujimura, A.; et al. Retrospective analysis of an oral combination of dexamethasone, uracil plus tegafur and cyclophosphamide
for hormone-refractory prostate cancer. Jpn. J. Clin. Oncol. 2011, 41, 253-259. [CrossRef] [PubMed]

Meng, L.]J.; Wang, J.; Fan, WE; Pu, X.L.; Liu, FY.; Yang, M. Evaluation of oral chemotherapy with capecitabine and cyclophos-
phamide plus thalidomide and prednisone in prostate cancer patients. J. Cancer Res. Clin. Oncol. 2011, 138, 333-339. [CrossRef]
[PubMed]

Ferrero, ].M.; Chamorey, E.; Oudard, S.; Dides, S.; Lesbats, G.; Cavaglione, G.; Nouyrigat, P; Foa, C.; Kaphan, R. Phase II trial
evaluating a docetaxel-capecitabine combination as treatment for hormone-refractory prostate cancer. Cancer 2006, 107, 738-745.
[CrossRef] [PubMed]

Yashi, M.; Nishihara, D.; Mizuno, T.; Yuki, H.; Masuda, A.; Kambara, T.; Betsunoh, H.; Abe, H.; Fukabori, Y.; Muraishi, O.; et al.
Metronomic oral cyclophosphamide chemotherapy possibly contributes to stabilization of disease in patients with metastatic
castration-resistant prostate cancer: A prospective analysis of consecutive cases. Clin. Genitourin. Cancer 2014, 12, E197-E203.
[CrossRef]

Calvani, N.; Morelli, F.; Naglieri, E.; Gnoni, A.; Chiuri, V.E,; Orlando, L.; Fedele, P; Cinieri, S. Metronomic chemotherapy with
cyclophosphamide plus low dose of corticosteroids in advanced castration-resistant prostate cancer across the era of taxanes and
new hormonal drugs. Med. Oncol. 2019, 36, 80. [CrossRef]

Caffo, O.; Facchini, G.; Biasco, E.; Ferrau, F.; Morelli, E.; Donini, M.; Buttigliero, C.; Calvani, N.; Guida, A.; Chiuri, V.E.; et al.
Activity and safety of metronomic cyclophosphamide in the modern era of metastatic castration-resistant prostate cancer. Future
Oncol. 2019, 15, 1115-1123. [CrossRef]

Angelergues, A.; Efstathiou, E.; Gyftaki, R.; Wysocki, PJ.; Lainez, N.; Gonzalez, I.; Castellano, D.E.; Ozguroglu, M.; Carbonero,
I.G.; Flechon, A ; et al. Results of the FLAC european database of metastatic castration-resistant prostate cancer patients treated
with docetaxel, cabazitaxel, and androgen receptor—targeted agents. Clin. Genitourin. Cancer 2018, 16, €777-€784. [CrossRef]
Zomnierek, J.; Poborski, W.; Rogowski, W.; Artlukowicz-Czartoryska, B.; Skalska, K.; Gola, M.; Kucharz, J.; Wysocki, PJ. Retrospec-
tive analysis of the efficacy and safety of cabazitaxel treatment in castration-resistant prostate cancer after docetaxel failure. Oncol.
Clin. Pract. 2019, 15, 281-288. [CrossRef]

Obasaju, C.; Hudes, G.R. Paclitaxel and docetaxel in prostate cancer. Hematol. Oncol. Clin. N. Am. 2001, 15, 525-545. [CrossRef]


http://doi.org/10.1016/S1470-2045(13)70056-1
http://doi.org/10.1111/bju.14511
http://doi.org/10.1186/s12885-021-08670-2
http://www.ncbi.nlm.nih.gov/pubmed/34388965
http://doi.org/10.1038/s41416-018-0123-9
http://www.ncbi.nlm.nih.gov/pubmed/30131546
http://doi.org/10.1002/cncr.11713
http://doi.org/10.1016/j.juro.2007.01.143
http://doi.org/10.1158/1078-0432.CCR-08-3317
http://www.ncbi.nlm.nih.gov/pubmed/19622584
http://doi.org/10.1007/s12032-009-9218-8
http://doi.org/10.4103/IJC.IJC_346_17
http://doi.org/10.3892/or.10.4.885
http://doi.org/10.1093/jjco/hyq178
http://www.ncbi.nlm.nih.gov/pubmed/21071389
http://doi.org/10.1007/s00432-011-1101-2
http://www.ncbi.nlm.nih.gov/pubmed/22134838
http://doi.org/10.1002/cncr.22070
http://www.ncbi.nlm.nih.gov/pubmed/16826591
http://doi.org/10.1016/j.clgc.2014.02.007
http://doi.org/10.1007/s12032-019-1304-y
http://doi.org/10.2217/fon-2018-0715
http://doi.org/10.1016/j.clgc.2018.02.016
http://doi.org/10.5603/OCP.2019.0033
http://doi.org/10.1016/S0889-8588(05)70230-6

J. Clin. Med. 2022, 11, 2853 14 of 14

110.

111.

112.

113.

114.

115.

116.

117.

Ai, B,; Bie, Z.; Zhang, S.; Li, A. Paclitaxel targets VEGF-mediated angiogenesis in ovarian cancer treatment. Am. J. Cancer Res.
2016, 6, 1624-1635.

Madariaga, A.; Garg, S.; Bruce, ].P; Thiryayi, S.; Mandilaras, V.; Rath, P.; Oza, A.M.; Dhani, N.C.; Cescon, D.W,; Lee, Y.C; et al.
Biomarkers of outcome to weekly paclitaxel in epithelial ovarian cancer. Gynecol. Oncol. 2020, 159, 539-545. [CrossRef] [PubMed]
Thomas, H.; Rosenberg, P. Role of weekly paclitaxel in the treatment of advanced ovarian cancer. Crit. Rev. Oncol. Hematol. 2002,
44,43-51. [CrossRef]

Bahl, A.; Braybrooke, J.; Bravo, A.; Foulstone, E.; Ball, J.; Churn, M.; Dubey, S.; Spensley, S.; Bowen, R.; Waters, S.; et al.
Randomized multicenter trial of 3 weekly cabazitaxel versus weekly paclitaxel chemotherapy in the first-line treatment of HER2
negative metastatic breast cancer (MBC). J. Clin. Oncol. 2021, 39, 1008. [CrossRef]

Sternberg, C.N.; Fizazi, K.; Saad, F; Shore, N.D.; De Giorgi, U.; Penson, D.F,; Ferreira, U.; Efstathiou, E.; Madziarska, K;
Kolinsky, M.P,; et al. Enzalutamide and Survival in Nonmetastatic, Castration-Resistant Prostate Cancer. N. Engl. J. Med. 2020,
382, 2197-2206. [CrossRef] [PubMed]

Thiery-Vuillemin, A.; Fizazi, K.; Sartor, O.; Oudard, S.; Bury, D.; Thangavelu, K.; Ozatilgan, A.; Poole, E.M.; Eisenberger, M.;
de Bono, J. An Analysis of Health-Related Quality of Life in the Phase III PROSELICA and FIRSTANA Studies Assessing
Cabazitaxel in Patients with Metastatic Castration-Resistant Prostate Cancer. ESMO Open 2021, 6, 100089. [CrossRef] [PubMed]
Sartor, O.; de Bono, J.; Chi, K.N.; Fizazi, K.; Herrmann, K.; Rahbar, K.; Tagawa, S5.T.; Nordquist, L.T.; Vaishampayan, N.; El-Haddad,
G.; et al. Lutetium-177-PSMA-617 for metastatic castration-resistant prostate cancer. N. Engl. J. Med. 2021, 385, 1091-1103.
[CrossRef] [PubMed]

Powles, T.; Yuen, K.C; Gillessen, S.; Kadel, E.E.; Rathkopf, D.; Matsubara, N.; Drake, C.G.; Fizazi, K.; Piulats, ].M,;
Wysocki, PJ.; et al. Atezolizumab with enzalutamide versus enzalutamide alone in metastatic castration-resistant prostate cancer:
A randomized phase 3 trial. Nat. Med. 2022, 28, 144-153. [CrossRef]


http://doi.org/10.1016/j.ygyno.2020.08.032
http://www.ncbi.nlm.nih.gov/pubmed/32912664
http://doi.org/10.1016/S1040-8428(02)00103-8
http://doi.org/10.1200/JCO.2021.39.15_suppl.1008
http://doi.org/10.1056/NEJMoa2003892
http://www.ncbi.nlm.nih.gov/pubmed/32469184
http://doi.org/10.1016/j.esmoop.2021.100089
http://www.ncbi.nlm.nih.gov/pubmed/33740734
http://doi.org/10.1056/NEJMoa2107322
http://www.ncbi.nlm.nih.gov/pubmed/34161051
http://doi.org/10.1038/s41591-021-01600-6

	Standard Systemic Treatment of Advanced Prostate Cancer 
	Challenges Associated with the Use of Standard Chemotherapy in Prostate Cancer 
	Metronomic Chemotherapy—Mechanisms of Action 
	Inhibition of Angiogenesis 
	Immunomodulation 
	Targeting Cancer Stem Cells 
	Modulation of Gut and Tumor Microbiome 

	Metronomic Chemotherapy in Prostate Cancer 
	Our Hunt for an Optimal MC Regimen in mCRPC Patients 
	Conclusions 
	References

