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Abstract: Therapeutic resistance remains a major obstacle in treating many cancers, particularly
in advanced stages. It is likely that cytotoxic lymphocytes (CTLs) have the potential to
eliminate therapy-resistant cancer cells. However, their effectiveness may be limited either by
the immunosuppressive tumor microenvironment, or by immune cell death induced by cytotoxic
treatments. High-frequency low-dose (also known as metronomic) chemotherapy can help improve
the activity of CTLs by providing sufficient stimulation for cytotoxic immune cells without
excessive depletion. Additionally, therapy-induced removal of tumor cells that compete for
shared nutrients may also facilitate tumor infiltration by CTLs, further improving prognosis.
Metronomic chemotherapy can also decrease the number of immunosuppressive cells in the
tumor microenvironment, including regulatory T cells (Tregs) and myeloid-derived suppressor
cells (MDSCs). Immune checkpoint inhibition can further augment anti-tumor immune responses
by maintaining T cells in an activated state. Combining immune checkpoint inhibition with
metronomic administration of chemotherapeutic drugs may create a synergistic effect that augments
anti-tumor immune responses and clears metabolic competition. This would allow immune-mediated
elimination of therapy-resistant cancer cells, an effect that may be unattainable by using either
therapeutic modality alone.

Keywords: immune checkpoint inhibitors; combination therapy; metronomic chemotherapy; tumor
microenvironment; metabolic competition; MTD

1. Introduction

The initial significant successes in curative chemotherapy occurred in the 1960s, when a
combination of simultaneously administered chemotherapeutic drugs induced long-term remissions
in children with acute lymphoblastic leukemia (ALL). A similar approach has proven successful
for Hodgkin’s disease, testicular cancer, as well as in large part for non-Hodgkins lymphoma and
some leukemias, which until then were largely fatal [1–3]. This was when the maximal tolerated
dose (MTD) protocol was established, which involves administering the highest tolerable dose of the
chemotherapeutic agent just short of unacceptable toxicity.

The MTD approach was developed prior to the realization driven by the rise of molecular
biology in the 1970s, that most cancers are genetically heterogeneous, to which ALL is a rare exception.
MTD-type treatment, which applies severe selective pressure to a heterogeneous cancer cell population,
naturally results in removal of therapy-sensitive cell clones, leaving therapy-resistant clones to regrow
between cycles. And while, in theory, administration of a high enough dose might remove all the
cancer cells, in practice, such doses would be too high to be tolerated by the patient. For this reason,

Int. J. Mol. Sci. 2017, 18, 2134; doi:10.3390/ijms18102134 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
http://dx.doi.org/10.3390/ijms18102134
http://www.mdpi.com/journal/ijms


Int. J. Mol. Sci. 2017, 18, 2134 2 of 11

the drug is administered in cycles, with large intervals between treatments to allow the patient to
partially recover.

Furthermore, in recent years it has become increasingly recognized that most tumors engage and
modify their microenvironment. They create a niche for themselves, and circumvent the immune
system [3–11], thus further reducing the efficacy of the standard therapeutic approach.

Tumors Engage and Modify Their Microenvironment

One of the mechanisms whereby many solid tumors engage and modify their microenvironments
is through upregulation of the anaerobic metabolism of glucose (glycolysis). This natural adaptation to
diminishing oxygen supply results from increased cell proliferation and hence greater inter-cellular
competition for shared resources in the tumor microenvironment. Increase in glycolysis has two
important implications.

Firstly, the accumulation of lactic acid (a by-product of anaerobic metabolism) can create
an immune-suppressive environment, promoting activation of naïve lymphocytes away from the
tumor-suppressing Th1 phenotype and towards Th2 tumor-promoting phenotype [5]. This effectively
decreases the number of cytotoxic lymphocytes that are capable of tumor elimination.

Secondly, upregulation of glycolysis by cancer cells is accompanied by 20–40-fold increase in the
upregulation of nutrient transporters, since anaerobic metabolism yields ATPs (adenosine triphosphate,
also referred to as “molecular currency unit” used for intracellular energy transfer) per glucose
molecule compared to up to 30 ATPs per molecule of oxidized glucose [5,12,13]. The low energy
yield of glycolytic mode of glucose metabolism naturally requires larger amounts of glucose to meet
each cell’s basic needs. However, cytotoxic lymphocytes also require large amounts of glucose to
enable both mobility and cytotoxic function; in fact, they lose cytotoxic functionality in the state of
nutrient deprivation [14,15]. Therefore, in the tumor microenvironment there exists competition for
shared nutrients between anaerobic cancer cells and cytotoxic lymphocytes. Failure of the immune
cells to outcompete cancer cells for shared nutrients results in suppression of anti-tumor immune
responses, a mechanism that was theoretically predicted by Kareva and Hahnfeldt [5], investigated
mathematically by Kareva and Berezovskaya [16] and later experimentally confirmed in [6].

If chemotherapeutic treatment under the MTD regimen is administered to such a tumor, not only
does it result in the aforementioned selection for therapy-resistant clones via removal of sensitive cell
clones, but it also leaves behind a microenvironment that has additionally been primed to favor the
remaining cancer cells [4,7]. Furthermore, since apoptotic and necrotic cells release their intracellular
stores of nutrients, such as glucose and phosphorus, into their microenvironment, they provide
additional sources of nutrients and building materials for the remaining therapy-resistant cancer
cells [17–20], allowing them to more rapidly repopulate the tumor.

2. Alternative to Maximal Tolerated Dose (MTD): Metronomic Chemotherapy

An alternative approach to chemotherapy administration involves more frequent administration
of lower doses of cytotoxic agents, also referred to as metronomic therapy [21–25]. It provides
numerous advantages compared to the standard MTD protocol, including a decrease in tumor
vascularization, lower therapeutic resistance, and, perhaps most importantly, augmented anti-tumor
immune responses [21]. All of these mechanisms will be described in greater detail below, and are
summarized in Figure 1.
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Figure 1. Comparison of the effects of maximal tolerated dose (MTD) and metronomic chemotherapy. 
MTD cytotoxic chemotherapy results in the ablation of anti‐tumor immunity and the elimination of 
therapy‐sensitive clones. In turn, these result in the selection of therapy‐resistant cancer cells. In 
contrast, low‐dose high‐frequency (metronomic) chemotherapy targets the tumor stroma, gradually 
reducing tumor size but mostly maintaining tumor composition, decreasing therapeutic resistance 
and maintaining anti‐tumor immunity. Figure is adapted from [26]. 

2.1. Decreased Angiogenesis 

Tumors cannot grow beyond a size of 1–2 mm3 without securing their own blood supply, a 
process known as angiogenesis [27,28]. The process of both normal and pathological vascularization 
is mediated by the tightly regulated sequential release of pro‐ and anti‐ angiogenesis growth factors 
from platelets, the megakaryocyte‐derived circulating microparticles involved in wound healing [29]. 
In the event of a wound, first pro‐angiogenesis regulators, such as VEGF, are released from platelets, 
initiating formation of vessel tips [30,31]. Next, growth factors responsible for vessel stalk formation 
are released. These factors include bFGF and PDGF [31,32]. Finally, angiogenesis inhibitors are 
released from the platelets, causing apoptosis of proliferating cells and consequently vessel pruning 
and termination of angiogenesis [33–36]. Angiogenesis inhibitors include angiostatin, endostatin, PF‐
4, among others. In order to signal, all angiogenesis regulators must bind to glycosaminoglycans 
(GAGs), such as heparan sulfate (HS), on the cell surface [37,38]. In tumors, cancer cells induce the 
surrounding stroma to produce additional stimulators of angiogenesis, which may outcompete 
angiogenesis inhibitors for HS much like in a game of musical chairs. That prevents the angiogenesis 
inhibitors from signaling and thus precludes the termination of blood vessel formation [39]. 

Low‐dose high‐frequency chemotherapy aims to target not the cancer cells themselves but the 
supporting stroma, which is the source of angiogenesis regulators. Removing the source of 
angiogenesis stimulators gives angiogenesis inhibitors an opportunity to signal and terminate the 
process of blood vessel formation. 
  

Figure 1. Comparison of the effects of maximal tolerated dose (MTD) and metronomic chemotherapy.
MTD cytotoxic chemotherapy results in the ablation of anti-tumor immunity and the elimination
of therapy-sensitive clones. In turn, these result in the selection of therapy-resistant cancer cells.
In contrast, low-dose high-frequency (metronomic) chemotherapy targets the tumor stroma, gradually
reducing tumor size but mostly maintaining tumor composition, decreasing therapeutic resistance and
maintaining anti-tumor immunity. Figure is adapted from [26].

2.1. Decreased Angiogenesis

Tumors cannot grow beyond a size of 1–2 mm3 without securing their own blood supply, a process
known as angiogenesis [27,28]. The process of both normal and pathological vascularization is
mediated by the tightly regulated sequential release of pro- and anti- angiogenesis growth factors from
platelets, the megakaryocyte-derived circulating microparticles involved in wound healing [29]. In the
event of a wound, first pro-angiogenesis regulators, such as VEGF, are released from platelets, initiating
formation of vessel tips [30,31]. Next, growth factors responsible for vessel stalk formation are released.
These factors include bFGF and PDGF [31,32]. Finally, angiogenesis inhibitors are released from the
platelets, causing apoptosis of proliferating cells and consequently vessel pruning and termination
of angiogenesis [33–36]. Angiogenesis inhibitors include angiostatin, endostatin, PF-4, among others.
In order to signal, all angiogenesis regulators must bind to glycosaminoglycans (GAGs), such as
heparan sulfate (HS), on the cell surface [37,38]. In tumors, cancer cells induce the surrounding stroma
to produce additional stimulators of angiogenesis, which may outcompete angiogenesis inhibitors for
HS much like in a game of musical chairs. That prevents the angiogenesis inhibitors from signaling
and thus precludes the termination of blood vessel formation [39].

Low-dose high-frequency chemotherapy aims to target not the cancer cells themselves but
the supporting stroma, which is the source of angiogenesis regulators. Removing the source of
angiogenesis stimulators gives angiogenesis inhibitors an opportunity to signal and terminate the
process of blood vessel formation.
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2.2. Decrease Therapeutic Resistance

Cancer cells depend on supporting stroma to provide pro-angiogenic signaling that would allow
the formation of blood vessels needed for recruiting nutrients and oxygen [27,39,40]. However, stromal
cells, such as fibroblasts and pericytes, can be more sensitive to chemotherapeutic agents and can also
be damaged by doses that are not harmful to cancer cells [3]. Therefore, targeting tumor stroma would
inflict equal damage on the supply compartment that supports both sensitive and resistant cells [21].
This can weaken the entire tumor population without selecting for resistant clones, particularly in
combination with other treatment modalities [24,41–45].

Notably, a common argument against low-dose administration of chemotherapeutic agents
stems from comparison with the low efficacy of antibiotics in fighting bacterial infections [46].
The critical difference lies in the fact that antibiotics, at any dose, target the bacteria directly, while
low-dose chemotherapy is aimed to target not the cancer cells but the supporting stroma. Therefore,
mechanisms responsible for emergence of antibiotic resistance are largely inapplicable to low-dose
chemotherapy administration.

2.3. Promote Anti-Tumor Immunity

The functionality of the immune system can be compromised by high-dose chemotherapy as
immune cells can be ablated by cytotoxic drugs and thus prevented from pursuing therapy-resistant
cancer cells. However, metronomically administered chemotherapy can increase the ablation of
immunosuppressive regulatory T cells (Tregs) [47–49], promote the maturation of antigen presenting
cells [50], improve the activity of dendritic cells (DCs) [51] and, most importantly, improve the
activation and functionality of cytotoxic NK and CD8+ T cells [45,52,53].

Specifically, Doloff and Waxman [54] demonstrated that administration of metronomic
cyclophosphamide every six days (Q6day cycle) resulted in significant recruitment and activation
of natural killer (NK) cells, dendritic cells and macrophages. This response was accompanied by a
dramatic regression of implanted glioma xenografts. The mechanism is contingent on the concurrent
active signaling of the VEGFR2 receptor [54]. More frequent administration of cyclophosphamide
inflicted severe damage on the NK cells themselves, while less frequent Q9day and Q12day schedules
eventually resulted in tumor escape. Similar results were obtained for increasing activation and
functionality of CD8+ T cells [52]. The authors’ results demonstrate that finding an appropriate
timing and dosing schedule might dramatically improve treatment outcome by both engaging and
protecting anti-tumor immune responses. Finding such a combination for each cancer type still remains
a challenge to be addressed in future research.

Furthermore, metronomic chemotherapy may provide a way to target other immunosuppressive
components of the tumor microenvironment, such as myeloid derived suppressor cells (MDSCs).
MDSCs are a heterogeneous group of immune cells of myeloid lineage characterized by their immature
state and ability to suppress T cells [55]. For instance, Highfill et al. [56] demonstrated that the
accumulation of myeloid-derived suppressor cells in the tumor bed can limit the efficacy of checkpoint
blockade in cancer. MDSCs, however, can be effectively targeted by chemotherapeutic agents, such as
docetaxel, clusterin [57] and gemcitabine [58], as well as a combination of chemoimmunotherapies [59],
alleviating immune cell suppression and promoting anti-tumor responses.

2.4. Targeting Cancer Stem Cells

Metronomic chemotherapy can additionally provide a way of targeting cancer stem cells
(CSCs) and stem-like tumor-initiating cells (TICs), which cannot be achieved with a standard MTD
approach. For instance, Chan et al. [60,61] showed that MTD-induced activity in carcinoma-associated
fibroblasts resulted in signaling that triggered phenotypic conversion of carcinoma cells into stem-like
tumor-initiating cells (TICs), which led to increased invasive behavior. They investigated this via the
molecular analysis of tumor stroma in both neoadjuvant chemotherapy-treated human desmoplastic
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cancers and in orthotropic tumor xenografts. In contrast, the same overall dose administered on a
metronomic schedule largely prevented therapy-induced phenotypic conversion into TICs, enhancing
treatment response and extending survival of tumor-bearing mice. This study highlighted the crucial
contribution of stroma in cancer treatment and a need to be cognizant of the systemic nature of the
disease in devising treatment approaches.

Furthermore, Relation et al. [62] reviewed challenges associated with targeting cancer stem
cells (CSCs), which might be overcome by changing approaches to therapy administration.
Specifically, the authors highlighted CSC-specific differences that make them particularly difficult
to target therapeutically. For instance, traditional chemotherapeutic treatments target primarily
rapidly-dividing cells, thus allowing slower-dividing CSCs to evade destruction [63]. Furthermore,
CSCs can upregulate checkpoint regulators, such as Rad17 and Chk1/2 after treatment [64], decreasing
their sensitivity to the immune system [65]. Augmenting immune response as a way to target
CSCs might provide improved therapeutic outcomes. That might be achieved by using metronomic
chemotherapy to increase immune cell access to CSCs in the tumor, possibly coupled with immune
checkpoint inhibition.

3. Checkpoint Inhibitors

It is likely that engaging the body’s anti-tumor immunity might hold the key to targeting
therapy-resistant cells, provided that cytotoxic cells are not ablated by the treatment, and are capable of
tumor infiltration. A possible way to achieve this effect can be to combine metronomically-administered
chemotherapy with immunotherapy, and in particular, with one of the most promising types of
immunotherapy, namely, immune checkpoint inhibition.

Immune checkpoint inhibitors target mechanisms that regulate immune cell activation and
cytotoxic function against self-antigens as a protection against auto-immune disease. Alleviating
some degree of checkpoint activity has been shown to significantly augment immune responses [66],
leading to improved outcomes in cancer patients [67]. The two currently most studied targets
involve inhibition either of the cytotoxic T-lymphocyte antigen-4 (CTLA-4) cell surface receptor,
the programmed cell death-1 (PD-1) surface receptor, or the corresponding soluble PD-L1 or PD-L2
ligands [68].

3.1. CTLA-4 Inhibition

Activation of naïve T cells is mediated by interactions with antigen-presenting cells (APCs), such
as dendritic cells, which result in the formation of specialized structures at points of APC and T
cell contact (immunological synapses) [69]. T cells express proteins on the cell surface that provide
co-stimulatory signals to activate or suppress T cell activation and survival, including cluster of
differentiation 28 (CD28) and CTLA-4. Binding of CD80 or CD86 receptors on the APC surface to
CTLA-4 on T cells results in blocking T cell activation. Alternatively, binding of CD80/86 to T-cell
receptor CD28 results in increasing T cell activation [68,70,71]. Pharmacological blockade of CTLA-4
gives a competitive advantage to CD28, resulting in increased T cell activity. This mechanism is
summarized in Figure 2.

A CTLA-4 immune checkpoint inhibitor interferes with potentially autoreactive T cells in the
earlier stages of T cell activation, primarily in lymph nodes [71,72]. The first FDA-approved checkpoint
inhibitor, which acts by blocking the CTLA-4 receptor, is ipilimumab, a monoclonal antibody approved
in 2011 for treatment of unresectable or metastatic melanoma [73]. It has shown much promise, and is
currently undergoing clinical trials for treatment of other cancers, including lung, kidney and prostate
cancers (Phase III), as well as cervical, colorectal, gastric, pancreatic, ovarian and urothelial cancers
(Phase II).
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Figure 2. Mechanism of action of CTLA‐4 checkpoint inhibitor. CTLA‐4 and CD28 are receptors 
expressed on the T cell surface; CD80/86 are receptors on the surface of antigen‐presenting cells 
(APCs). When CTLA‐4 comes in contact with CD80/86 receptors, the T cell remains unactivated. 
Interaction of CD28 on T cell surface with CD80/86 on the APC cell surface results in T cell activation. 
Pharmacological blocking of CTLA‐4 on the T cell surface increases the likelihood of CD28–CD80/86 
binding, resulting in maintenance of T cell activation. Figure is adapted with permission from [26]. 

3.2. PD-1, PD-L1 and PD-L2 Inhibition 

Programmed cell death protein 1 (PD‐1) is a cell surface receptor that regulates T cell activation 
through binding to soluble ligands PD‐L1 and PD‐L2 [68,74]. Similarly to CTLA‐4, PD‐1 signaling 
interferes with T cell proliferation, glucose metabolism and cytokine signaling. It promotes apoptosis 
in antigen‐specific T cells, and reduces apoptosis of Tregs, indirectly increasing immune cell 
regulation [68,75–77]. Increased expression of PD‐1 is one of the hallmarks of T cell exhaustion [78]. 
Some important differences between the two mechanisms lie in the fact that while CTLA‐4 regulates 
T cell activation early in the immune response, primarily in the lymph nodes, PD‐1 affects T cell 
effector responses in the peripheral tissues [72]. Furthermore, while CTLA‐4 expression is restricted 
to T cells, PD‐1 is expressed by T cells, B cells and macrophages; it can also be expressed on other 
cells, including some tumor cells [74,79,80]. 

The PD‐L1 and PD‐L2 ligands are expressed on leukocytes, macrophages and dendritic cells; 
PD‐L1 has also been found on many tumor types and has been associated with poor prognosis [80]. 
Since PD‐1 ligands are expressed in peripheral tissues, these complexes are believed to maintain self‐
tolerance in locally infiltrated tissues [72]. Pharmacological interventions for augmenting immune 
cell responses involve either blocking the PD‐1 cell surface receptor, or blocking the soluble ligands 
PD‐L1 and PD‐L2 in order to interfere with complex formation. Currently approved anti‐PD‐1 drugs 
include pembrolizumab, which is used for treating unresectable or metastatic melanoma, and 
metastatic non‐small cell lung cancer. Also included is nivolumab, which is used for the second and 
third line treatment of unresectable or metastatic melanoma, and for the treatment of metastatic non‐
small cell lung cancer, advanced renal cell carcinoma (RCC), relapsed or progressed Hodgkin 
lymphoma, recurrent or metastatic squamous cell carcinoma of head and heck, advanced or 
metastatic urothelial carcinoma, colorectal cancer and hepatocellular carcinoma. Anti‐PD‐L1 drugs 
durvalumab and atezolizumab have entered phase III clinical trials for head and neck cancer 
(durvalumab), bladder cancer (atezolizumab) and lung cancer (both), and Phase II trials for colorectal 
cancer and glioblastoma (durvalumab) and kidney cancer (atezolizumab). Durvalumab has been 
approved for the treatment of advanced or metastatic urothelial carcinoma. Atezolizumab has been 
approved for the treatment of locally advanced or metastatic urothelial carcinoma and metastatic 

Figure 2. Mechanism of action of CTLA-4 checkpoint inhibitor. CTLA-4 and CD28 are receptors
expressed on the T cell surface; CD80/86 are receptors on the surface of antigen-presenting cells
(APCs). When CTLA-4 comes in contact with CD80/86 receptors, the T cell remains unactivated.
Interaction of CD28 on T cell surface with CD80/86 on the APC cell surface results in T cell activation.
Pharmacological blocking of CTLA-4 on the T cell surface increases the likelihood of CD28–CD80/86
binding, resulting in maintenance of T cell activation. Figure is adapted with permission from [26].

3.2. PD-1, PD-L1 and PD-L2 Inhibition

Programmed cell death protein 1 (PD-1) is a cell surface receptor that regulates T cell activation
through binding to soluble ligands PD-L1 and PD-L2 [68,74]. Similarly to CTLA-4, PD-1 signaling
interferes with T cell proliferation, glucose metabolism and cytokine signaling. It promotes apoptosis
in antigen-specific T cells, and reduces apoptosis of Tregs, indirectly increasing immune cell
regulation [68,75–77]. Increased expression of PD-1 is one of the hallmarks of T cell exhaustion [78].
Some important differences between the two mechanisms lie in the fact that while CTLA-4 regulates
T cell activation early in the immune response, primarily in the lymph nodes, PD-1 affects T cell
effector responses in the peripheral tissues [72]. Furthermore, while CTLA-4 expression is restricted to
T cells, PD-1 is expressed by T cells, B cells and macrophages; it can also be expressed on other cells,
including some tumor cells [74,79,80].

The PD-L1 and PD-L2 ligands are expressed on leukocytes, macrophages and dendritic cells;
PD-L1 has also been found on many tumor types and has been associated with poor prognosis [80].
Since PD-1 ligands are expressed in peripheral tissues, these complexes are believed to maintain
self-tolerance in locally infiltrated tissues [72]. Pharmacological interventions for augmenting immune
cell responses involve either blocking the PD-1 cell surface receptor, or blocking the soluble ligands
PD-L1 and PD-L2 in order to interfere with complex formation. Currently approved anti-PD-1
drugs include pembrolizumab, which is used for treating unresectable or metastatic melanoma, and
metastatic non-small cell lung cancer. Also included is nivolumab, which is used for the second
and third line treatment of unresectable or metastatic melanoma, and for the treatment of metastatic
non-small cell lung cancer, advanced renal cell carcinoma (RCC), relapsed or progressed Hodgkin
lymphoma, recurrent or metastatic squamous cell carcinoma of head and heck, advanced or metastatic
urothelial carcinoma, colorectal cancer and hepatocellular carcinoma. Anti-PD-L1 drugs durvalumab
and atezolizumab have entered phase III clinical trials for head and neck cancer (durvalumab), bladder
cancer (atezolizumab) and lung cancer (both), and Phase II trials for colorectal cancer and glioblastoma
(durvalumab) and kidney cancer (atezolizumab). Durvalumab has been approved for the treatment
of advanced or metastatic urothelial carcinoma. Atezolizumab has been approved for the treatment
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of locally advanced or metastatic urothelial carcinoma and metastatic non-small cell lung cancer.
The anti-PD-L1 checkpoint inhibitor avelumab was recently approved for the treatment of metastatic
Merkel cell carcinoma (MCC) and urothelial cancer.

Immune checkpoint inhibition has been gaining success, particularly in metastatic cancers, which
still remain the cause of the majority of cancer-related deaths. It is possible that the effect can be further
augmented by combining it with metronomically-administered chemotherapy due to synergistic
mechanisms that are outlined in the following section.

4. Combination: Metronomic Chemotherapy and Checkpoint Inhibitors

Based on the mechanisms of action of both metronomic chemotherapy and immune checkpoint
inhibitors, one can surmise that a combination of the two therapeutic approaches would have a
synergistic effect for the following reasons:

(1) Both immune checkpoint inhibitors and metronomic chemotherapy increase immune cell
activation. While metronomic chemotherapy can promote tumor-specific immune activation,
concurrent administration of immune checkpoint inhibitors would maintain the activated state
of T cells.

(2) Administration of metronomic chemotherapy would allow competition for nutrients between
tumor and immune cells to be reduced via gradual removal of tumor cells. This would
facilitate tumor infiltration by cytotoxic immune cells, which has been associated with improved
clinical outcome.

(3) Experimental evidence [6] has shown that blocking PD-L1 directly on tumors dampens glycolysis,
giving cytotoxic lymphocytes additional competitive advantage.

These considerations have been summarized in Figure 3.
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tumor and immune cells. Checkpoint inhibition would maintain immune activation, allowing 
effective elimination of therapy‐resistant cells as the immune cells are now capable of infiltrating the 
tumor core. Figure is adapted with permission from [26]. 

In summary, a combination of immune checkpoint inhibitors and metronomic chemotherapy 
may provide an avenue for targeting therapy‐resistant cells, including CSCs and TICs, without 

Figure 3. Synergistic effects of metronomic chemotherapy combined with checkpoint inhibition.
(A) Metronomic chemotherapy causes decrease in angiogenesis and maintained anti-tumor immunity,
resulting in slow but long-term tumor regression; (B) checkpoint inhibition results in sustained immune
cell activation; the therapeutic effect is particularly strong in liquid or diffused tumors but is limited in
solid tumors due to low tumor infiltration; (C) combination of the two therapeutic modalities would
create a synergistic effect: metronomic chemotherapy would increase immune activation and facilitate
tumor infiltration by removing metabolic competition between tumor and immune cells. Checkpoint
inhibition would maintain immune activation, allowing effective elimination of therapy-resistant cells
as the immune cells are now capable of infiltrating the tumor core. Figure is adapted with permission
from [26].
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In summary, a combination of immune checkpoint inhibitors and metronomic chemotherapy may
provide an avenue for targeting therapy-resistant cells, including CSCs and TICs, without inflicting
unacceptable toxicity, resulting in high treatment compliance, improved long-term outcomes for
difficult-to-treat cancers, and improved patient quality of life.

Acknowledgments: This research is partially supported by EMD Serono Research and Development Institute,
business of Merck, KGaA.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. DeVita, V.T.; Chu, E. A history of cancer chemotherapy. Cancer Res. 2008, 68, 8643–8653. [CrossRef] [PubMed]
2. Mukherjee, S. The Emperor of All Maladies: A Biography of Cancer; Simon and Schuster: New York, NY,

USA, 2010.
3. Klement, G.L. Eco-evolution of cancer resistance. Sci. Transl. Med. 2016, 8, 327fs5. [CrossRef] [PubMed]
4. Kareva, I. What can ecology teach us about cancer? Transl. Oncol. 2011, 4, 266–270. [CrossRef] [PubMed]
5. Kareva, I.; Hahnfeldt, P. The emerging “hallmarks” of metabolic reprogramming and immune evasion:

Distinct or linked? Cancer Res. 2013, 73, 2737–2742. [CrossRef] [PubMed]
6. Chang, C.-H.; Qiu, J.; O’Sullivan, D.; Buck, M.D.; Noguchi, T.; Curtis, J.D.; Chen, Q.; Gindin, M.; Gubin, M.M.;

van der Windt, G.J.W.; et al. Metabolic competition in the tumor microenvironment is a driver of cancer
progression. Cell 2015, 162, 1229–1241. [CrossRef] [PubMed]

7. Kareva, I. Cancer ecology: Niche construction, keystone species, ecological succession, and ergodic theory.
Biol. Theory 2015, 10, 283–288. [CrossRef]

8. Friedl, P.; Alexander, S. Cancer invasion and the microenvironment: Plasticity and reciprocity. Cell 2011, 147,
992–1009. [CrossRef] [PubMed]

9. Gao, D.; Vahdat, L.T.; Wong, S.; Chang, J.C.; Mittal, V. Microenvironmental regulation of
epithelial—Mesenchymal transitions in cancer. Cancer Res. 2012, 72, 4883–4889. [CrossRef] [PubMed]

10. Stout, R.D.; Jiang, C.; Matta, B.; Tietzel, I.; Watkins, S.K.; Suttles, J. Macrophages sequentially change their
functional phenotype in response to changes in microenvironmental influences. J. Immunol. 2005, 175,
342–349. [CrossRef] [PubMed]

11. Gatenby, R.A.; Gillies, R.J. A microenvironmental model of carcinogenesis. Nat. Rev. Cancer 2008, 8, 56–61.
[CrossRef] [PubMed]

12. Gillies, R.J.; Gatenby, R.A. Metabolism and its sequelae in cancer evolution and therapy. Cancer J. 2015, 21,
88–96. [CrossRef] [PubMed]

13. Ganapathy, V.; Thangaraju, M.; Prasad, P.D. Nutrient transporters in cancer: Relevance to Warburg hypothesis
and beyond. Pharmacol. Ther. 2009, 121, 29–40. [CrossRef] [PubMed]

14. MacIver, N.J.; Jacobs, S.R.; Wieman, H.L.; Wofford, J.A.; Coloff, J.L.; Rathmell, J.C. Glucose metabolism
in lymphocytes is a regulated process with significant effects on immune cell function and survival.
J. Leukoc. Biol. 2008, 84, 949–957. [CrossRef] [PubMed]

15. Fox, C.J.; Hammerman, P.S.; Thompson, C.B. Fuel feeds function: Energy metabolism and the T-cell response.
Nat. Rev. Cancer 2005, 5, 844–852. [CrossRef] [PubMed]

16. Kareva, I.; Berezovskaya, F. Cancer immunoediting: A process driven by metabolic competition as a
predator-prey-shared resource type model. J. Theor. Biol. 2015, 380, 463–472. [CrossRef] [PubMed]

17. Elser, J.J.; Kyle, M.M.; Smith, M.S.; Nagy, J.D. Biological stoichiometry in human cancer. PLoS ONE 2007,
2, e1028. [CrossRef] [PubMed]

18. Elser, J.J.; Nagy, J.D.; Kuang, Y. Biological stoichiometry: An ecological perspective on tumor dynamics.
BioScience 2003, 53, 1112–1120. [CrossRef]

19. Kareva, I. Prisoner’s dilemma in cancer metabolism. PLoS ONE 2011, 6, e28576. [CrossRef] [PubMed]
20. Kareva, I. Biological stoichiometry in tumor micro-environments. PLoS ONE 2013, 8, e51844. [CrossRef]

[PubMed]
21. Kareva, I.; Waxman, D.J.; Klement, G.L. Metronomic chemotherapy: An attractive alternative to maximum

tolerated dose therapy that can activate anti-tumor immunity and minimize therapeutic resistance.
Cancer Lett. 2015, 358, 100–106. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/0008-5472.CAN-07-6611
http://www.ncbi.nlm.nih.gov/pubmed/18974103
http://dx.doi.org/10.1126/scitranslmed.aaf3802
http://www.ncbi.nlm.nih.gov/pubmed/26912901
http://dx.doi.org/10.1593/tlo.11154
http://www.ncbi.nlm.nih.gov/pubmed/21966543
http://dx.doi.org/10.1158/0008-5472.CAN-12-3696
http://www.ncbi.nlm.nih.gov/pubmed/23423980
http://dx.doi.org/10.1016/j.cell.2015.08.016
http://www.ncbi.nlm.nih.gov/pubmed/26321679
http://dx.doi.org/10.1007/s13752-015-0226-y
http://dx.doi.org/10.1016/j.cell.2011.11.016
http://www.ncbi.nlm.nih.gov/pubmed/22118458
http://dx.doi.org/10.1158/0008-5472.CAN-12-1223
http://www.ncbi.nlm.nih.gov/pubmed/23002209
http://dx.doi.org/10.4049/jimmunol.175.1.342
http://www.ncbi.nlm.nih.gov/pubmed/15972667
http://dx.doi.org/10.1038/nrc2255
http://www.ncbi.nlm.nih.gov/pubmed/18059462
http://dx.doi.org/10.1097/PPO.0000000000000102
http://www.ncbi.nlm.nih.gov/pubmed/25815848
http://dx.doi.org/10.1016/j.pharmthera.2008.09.005
http://www.ncbi.nlm.nih.gov/pubmed/18992769
http://dx.doi.org/10.1189/jlb.0108024
http://www.ncbi.nlm.nih.gov/pubmed/18577716
http://dx.doi.org/10.1038/nri1710
http://www.ncbi.nlm.nih.gov/pubmed/16239903
http://dx.doi.org/10.1016/j.jtbi.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26116366
http://dx.doi.org/10.1371/journal.pone.0001028
http://www.ncbi.nlm.nih.gov/pubmed/17925876
http://dx.doi.org/10.1641/0006-3568(2003)053[1112:BSAEPO]2.0.CO;2
http://dx.doi.org/10.1371/journal.pone.0028576
http://www.ncbi.nlm.nih.gov/pubmed/22194857
http://dx.doi.org/10.1371/journal.pone.0051844
http://www.ncbi.nlm.nih.gov/pubmed/23349677
http://dx.doi.org/10.1016/j.canlet.2014.12.039
http://www.ncbi.nlm.nih.gov/pubmed/25541061


Int. J. Mol. Sci. 2017, 18, 2134 9 of 11

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

23. Pasquier, E.; Kavallaris, M.; André, N. Metronomic chemotherapy: New rationale for new directions. Nat. Rev.
Clin. Oncol. 2010, 7, 455–465. [CrossRef] [PubMed]

24. Kerbel, R.; Klement, G.; Pritchard, K.; Kamen, B. Continuous low-dose anti-angiogenic/metronomic
chemotherapy: From the research laboratory into the oncology clinic. Ann. Oncol. 2002, 13, 12–15. [CrossRef]
[PubMed]

25. Gasparini, G. Metronomic scheduling: The future of chemotherapy? Lancet Oncol. 2001, 2, 733–740.
[CrossRef]

26. Kareva, I. Understanding Cancer from a Systems Biology Point of View; Academic Press: San Diego, CA,
USA, 2018.

27. Naumov, G.N.; Akslen, L.A.; Folkman, J. Role of angiogenesis in human tumor dormancy: Animal models
of the angiogenic switch. Cell Cycle 2006, 5, 1779–1787. [CrossRef] [PubMed]

28. Naumov, G.N.; Folkman, J.; Straume, O. Tumor dormancy due to failure of angiogenesis: Role of the
microenvironment. Clin. Exp. Metastasis 2009, 26, 51–60. [CrossRef] [PubMed]

29. Italiano, J.; Shivdasani, R. Megakaryocytes and beyond: The birth of platelets. J. Thromb. Haemost. 2003, 1,
1174–1182. [CrossRef] [PubMed]

30. Hellström, M.; Phng, L.-K.; Hofmann, J.J.; Wallgard, E.; Coultas, L.; Lindblom, P.; Alva, J.; Nilsson, A.K.;
Karlsson, L.; Gaiano, N.; et al. DLL4 signalling through Notch1 regulates formation of tip cells during
angiogenesis. Nature 2007, 445, 776–780. [CrossRef] [PubMed]

31. Blanco, R.; Gerhardt, H. VEGF and Notch in tip and stalk cell selection. Cold Spring Harb. Perspect. Med. 2013,
3, a006569. [CrossRef] [PubMed]

32. Gerhardt, H. VEGF and endothelial guidance in angiogenic sprouting. In VEGF in Development; Springer:
New York, NY, USA, 2008; pp. 68–78.

33. Xie, L.; Duncan, M.B.; Pahler, J.; Sugimoto, H.; Martino, M.; Lively, J.; Mundel, T.; Soubasakos, M.; Rubin, K.;
Takeda, T.; et al. Counterbalancing angiogenic regulatory factors control the rate of cancer progression and
survival in a stage-specific manner. Proc. Natl. Acad Sci. USA 2011, 108, 9939–9944. [CrossRef] [PubMed]

34. Pravinkumar, E.; Webster, N. HIT/HITT and alternative anticoagulation: Current concepts. Br. J. Anaesth.
2003, 90, 676–685. [CrossRef] [PubMed]

35. O’Reilly, M.S.; Holmgren, L.; Chen, C.; Folkman, J. Angiostatin induces and sustains dormancy of human
primary tumors in mice. Nat. Med. 1996, 2, 689–692. [CrossRef] [PubMed]

36. Grandi, F.; Sandal, M.; Guarguaglini, G.; Capriotti, E.; Casadio, R.; Samorì, B. Hierarchical mechanochemical
switches in angiostatin. Chembiochem 2006, 7, 1774–1782. [CrossRef] [PubMed]

37. Vlodavsky, I.; Eldor, A.; Bar-Ner, M.; Fridman, R.; Cohen, I.R.; Klagsbrun, M. Heparan sulfate degradation in
tumor cell invasion and angiogenesis. Adv. Exp. Med. Biol. 1988, 233, 201–210. [PubMed]

38. Vlodavsky, I.; Miao, H.; Atzmon, R.; Levi, E.; Zimmermann, J.; Bar-Shavit, R.; Peretz, T.; Ben-Sasson, S.A.
Control of cell proliferation by heparan sulfate and heparin-binding growth factors. Thromb. Haemost. 1995,
74, 534. [PubMed]

39. Kareva, I.; Abou-Slaybi, A.; Dodd, O.; Dashevsky, O.; Klement, G.L. Normal wound healing and tumor
angiogenesis as a game of competitive inhibition. PLoS ONE 2016, 11, e0166655. [CrossRef] [PubMed]

40. Dvorak, H.F. Tumors: Wounds that do not heal. N. Engl. J. Med. 1986, 315, 1650–1659. [CrossRef] [PubMed]
41. Klement, G.; Baruchel, S.; Rak, J.; Man, S.; Clark, K.; Hicklin, D.J.; Bohlen, P.; Kerbel, R.S. Continuous

low-dose therapy with vinblastine and VEGF receptor-2 antibody induces sustained tumor regression
without overt toxicity. J. Clin. Investig. 2000, 105, R15–R24. [CrossRef] [PubMed]

42. Browder, T.; Butterfield, C.E.; Kräling, B.M.; Shi, B.; Marshall, B.; O’Reilly, M.S.; Folkman, J. Antiangiogenic
scheduling of chemotherapy improves efficacy against experimental drug-resistant cancer. Cancer Res. 2000,
60, 1878–1886. [PubMed]

43. Folkins, C.; Man, S.; Xu, P.; Shaked, Y.; Hicklin, D.J.; Kerbel, R.S. Anticancer therapies combining
antiangiogenic and tumor cell cytotoxic effects reduce the tumor stem-like cell fraction in glioma xenograft
tumors. Cancer Res. 2007, 67, 3560–3564. [CrossRef] [PubMed]

44. Ma, J.; Waxman, D.J. Combination of antiangiogenesis with chemotherapy for more effective cancer treatment.
Mol. Cancer Ther. 2008, 7, 3670–3684. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrc1369
http://www.ncbi.nlm.nih.gov/pubmed/15170445
http://dx.doi.org/10.1038/nrclinonc.2010.82
http://www.ncbi.nlm.nih.gov/pubmed/20531380
http://dx.doi.org/10.1093/annonc/mdf093
http://www.ncbi.nlm.nih.gov/pubmed/11863092
http://dx.doi.org/10.1016/S1470-2045(01)00587-3
http://dx.doi.org/10.4161/cc.5.16.3018
http://www.ncbi.nlm.nih.gov/pubmed/16931911
http://dx.doi.org/10.1007/s10585-008-9176-0
http://www.ncbi.nlm.nih.gov/pubmed/18563595
http://dx.doi.org/10.1046/j.1538-7836.2003.00290.x
http://www.ncbi.nlm.nih.gov/pubmed/12871316
http://dx.doi.org/10.1038/nature05571
http://www.ncbi.nlm.nih.gov/pubmed/17259973
http://dx.doi.org/10.1101/cshperspect.a006569
http://www.ncbi.nlm.nih.gov/pubmed/23085847
http://dx.doi.org/10.1073/pnas.1105041108
http://www.ncbi.nlm.nih.gov/pubmed/21622854
http://dx.doi.org/10.1093/bja/aeg063
http://www.ncbi.nlm.nih.gov/pubmed/12697598
http://dx.doi.org/10.1038/nm0696-689
http://www.ncbi.nlm.nih.gov/pubmed/8640562
http://dx.doi.org/10.1002/cbic.200600227
http://www.ncbi.nlm.nih.gov/pubmed/16991168
http://www.ncbi.nlm.nih.gov/pubmed/2464906
http://www.ncbi.nlm.nih.gov/pubmed/8578521
http://dx.doi.org/10.1371/journal.pone.0166655
http://www.ncbi.nlm.nih.gov/pubmed/27935954
http://dx.doi.org/10.1158/2326-6066.CIR-14-0209
http://www.ncbi.nlm.nih.gov/pubmed/25568067
http://dx.doi.org/10.1172/JCI8829
http://www.ncbi.nlm.nih.gov/pubmed/10772661
http://www.ncbi.nlm.nih.gov/pubmed/10766175
http://dx.doi.org/10.1158/0008-5472.CAN-06-4238
http://www.ncbi.nlm.nih.gov/pubmed/17440065
http://dx.doi.org/10.1158/1535-7163.MCT-08-0715
http://www.ncbi.nlm.nih.gov/pubmed/19074844


Int. J. Mol. Sci. 2017, 18, 2134 10 of 11

45. Ma, J.; Waxman, D.J. Dominant effect of antiangiogenesis in combination therapy involving cyclophosphamide
and axitinib. Clin. Cancer Res. 2009, 15, 578–588. [CrossRef] [PubMed]

46. Davies, J.; Davies, D. Origins and evolution of antibiotic resistance. Microbiol. Mol. Biol. Rev. 2010, 74,
417–433. [CrossRef] [PubMed]

47. 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]

48. Generali, D.; Bates, G.; Berruti, A.; Brizzi, M.P.; Campo, L.; Bonardi, S.; Bersiga, A.; Allevi, G.; Milani, M.;
Aguggini, S.; et al. Immunomodulation of FOXP3+ regulatory T cells by the aromatase inhibitor letrozole in
breast cancer patients. Clin. Cancer Res. 2009, 15, 1046–1051. [CrossRef] [PubMed]

49. Ghiringhelli, F.; Menard, C.; Puig, P.E.; 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]

50. Tanaka, H.; Matsushima, H.; Mizumoto, N.; Takashima, A. Classification of chemotherapeutic agents based
on their differential in vitro effects on dendritic cells. Cancer Res. 2009, 69, 6978–6986. [CrossRef] [PubMed]

51. Nars, M.S.; Kaneno, R. Immunomodulatory effects of low dose chemotherapy and perspectives of its
combination with immunotherapy. Int. J. Cancer 2013, 132, 2471–2478. [CrossRef] [PubMed]

52. Wu, J.; Waxman, D.J. Metronomic cyclophosphamide eradicates large implanted GL261 gliomas by activating
antitumor CD8+ T-cell responses and immune memory. Oncoimmunology 2015, 4. [CrossRef] [PubMed]

53. Wu, J.; Waxman, D.J. Metronomic cyclophosphamide schedule-dependence of innate immune cell
recruitment and tumor regression in an implanted glioma model. Cancer Lett. 2014, 353, 272–280. [CrossRef]
[PubMed]

54. Doloff, J.C.; Waxman, D.J. Vegf receptor inhibitors block the ability of metronomically dosed
cyclophosphamide to activate innate immunity—Induced tumor regression. Cancer Res. 2012, 72, 1103–1115.
[CrossRef] [PubMed]

55. Gabrilovich, D.I.; Nagaraj, S. Myeloid-derived-suppressor cells as regulators of the immune system.
Nat. Rev. Immunol. 2009, 9, 162–174. [CrossRef] [PubMed]

56. Highfill, S.L.; Cui, Y.; Giles, A.J.; Smith, J.P.; Zhang, H.; Morse, E.; Kaplan, R.N.; Mackall, C.L. Disruption of
CXCR2-mediated MDSC tumor trafficking enhances anti-PD1 efficacy. Sci. Transl. Med. 2014, 6, 237ra67.
[CrossRef] [PubMed]

57. Tu, N.; Le Trinh, T.; Zhou, J.-M.; Gilvary, D.L.; Coppola, D.; Wei, S.; Djeu, J.Y. Chemotherapeutic sensitivity
of myeloid-derived suppressor cells during cancer therapy is dictated by selective expression of clusterin.
Cancer Res. 2017, 77. [CrossRef]

58. Suzuki, E.; Kapoor, V.; Jassar, A.S.; Kaiser, L.R.; Albelda, S.M. Gemcitabine selectively eliminates splenic
Gr-1+/CD11b+ myeloid suppressor cells in tumor-bearing animals and enhances antitumor immune activity.
Clin. Cancer Res. 2005, 11, 6713–6721. [CrossRef] [PubMed]

59. Ko, H.-J.; Kim, Y.-J.; Kim, Y.-S.; Chang, W.-S.; Ko, S.-Y.; Chang, S.-Y.; Sakaguchi, S.; Kang, C.Y. A combination
of chemoimmunotherapies can efficiently break self-tolerance and induce antitumor immunity in a
tolerogenic murine tumor model. Cancer Res. 2007, 67, 7477–7486. [CrossRef] [PubMed]

60. Munn, D.H.; Bronte, V. Immune suppressive mechanisms in the tumor microenvironment.
Curr. Opin. Immunol. 2016, 39, 1–6. [CrossRef] [PubMed]

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

62. Relation, T.; Dominici, M.; Horwitz, E.M. Concise review: An (Im) penetrable shield: How the tumor
microenvironment protects cancer stem cells. Stem Cells 2017, 35, 1123–1130. [CrossRef] [PubMed]

63. Farnie, G.; Sotgia, F.; Lisanti, M.P. High mitochondrial mass identifies a sub-population of stem-like cancer
cells that are chemo-resistant. Oncotarget 2015, 6, 30472–30486. [CrossRef] [PubMed]

64. Bao, S.; Wu, Q.; McLendon, R.E.; Hao, Y.; Shi, Q.; Hjelmeland, A.B.; Dewhirst, M.W.; Bigner, D.D.; Rich, J.N.
Glioma stem cells promote radioresistance by preferential activation of the DNA damage response. Nature
2006, 444, 756–760. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/1078-0432.CCR-08-1174
http://www.ncbi.nlm.nih.gov/pubmed/19147763
http://dx.doi.org/10.1128/MMBR.00016-10
http://www.ncbi.nlm.nih.gov/pubmed/20805405
http://dx.doi.org/10.1007/s00262-009-0671-1
http://www.ncbi.nlm.nih.gov/pubmed/19221744
http://dx.doi.org/10.1158/1078-0432.CCR-08-1507
http://www.ncbi.nlm.nih.gov/pubmed/19188178
http://dx.doi.org/10.1007/s00262-006-0225-8
http://www.ncbi.nlm.nih.gov/pubmed/16960692
http://dx.doi.org/10.1158/0008-5472.CAN-09-1101
http://www.ncbi.nlm.nih.gov/pubmed/19706756
http://dx.doi.org/10.1002/ijc.27801
http://www.ncbi.nlm.nih.gov/pubmed/22927096
http://dx.doi.org/10.1080/2162402X.2015.1005521
http://www.ncbi.nlm.nih.gov/pubmed/26137402
http://dx.doi.org/10.1016/j.canlet.2014.07.033
http://www.ncbi.nlm.nih.gov/pubmed/25069038
http://dx.doi.org/10.1158/0008-5472.CAN-11-3380
http://www.ncbi.nlm.nih.gov/pubmed/22237627
http://dx.doi.org/10.1038/nri2506
http://www.ncbi.nlm.nih.gov/pubmed/19197294
http://dx.doi.org/10.1126/scitranslmed.3007974
http://www.ncbi.nlm.nih.gov/pubmed/24848257
http://dx.doi.org/10.1158/1538-7445.AM2017-3666
http://dx.doi.org/10.1158/1078-0432.CCR-05-0883
http://www.ncbi.nlm.nih.gov/pubmed/16166452
http://dx.doi.org/10.1158/0008-5472.CAN-06-4639
http://www.ncbi.nlm.nih.gov/pubmed/17671218
http://dx.doi.org/10.1016/j.coi.2015.10.009
http://www.ncbi.nlm.nih.gov/pubmed/26609943
http://dx.doi.org/10.1084/jem.20151665
http://www.ncbi.nlm.nih.gov/pubmed/27881732
http://dx.doi.org/10.1002/stem.2596
http://www.ncbi.nlm.nih.gov/pubmed/28207184
http://dx.doi.org/10.18632/oncotarget.5401
http://www.ncbi.nlm.nih.gov/pubmed/26421710
http://dx.doi.org/10.1038/nature05236
http://www.ncbi.nlm.nih.gov/pubmed/17051156


Int. J. Mol. Sci. 2017, 18, 2134 11 of 11

65. Seymour, T.; Nowak, A.; Kakulas, F. Targeting aggressive cancer stem cells in glioblastoma. Front. Oncol.
2015, 5. [CrossRef] [PubMed]

66. Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 2012, 12,
252–264. [CrossRef] [PubMed]

67. Eggermont, A.M.; Maio, M.; Robert, C. Immune checkpoint inhibitors in melanoma provide the cornerstones
for curative therapies. Semin. Oncol. 2015, 42, 429–435. [CrossRef] [PubMed]

68. Buchbinder, E.I.; Desai, A. CTLA-4 and PD-1 pathways: Similarities, differences, and implications of their
inhibition. Am. J. Clin. Oncol. 2016, 39, 98–106. [CrossRef] [PubMed]

69. Murphy, K.; Weaver, C. Janeway’s Immunobiology; Garland Science: New York, NY, USA, 2016.
70. Lim, T.S.; Goh, J.K.H.; Mortellaro, A.; Lim, C.T.; Hämmerling, G.J.; Ricciardi-Castagnoli, P. CD80 and CD86

differentially regulate mechanical interactions of T-cells with antigen-presenting dendritic cells and B-cells.
PLoS ONE 2012, 7, e45185. [CrossRef] [PubMed]

71. Krummel, M.F.; Allison, J.P. CD28 and CTLA-4 have opposing effects on the response of T cells to stimulation.
J. Exp. Med. 1995, 182, 459–465. [CrossRef] [PubMed]

72. Fife, B.T.; Bluestone, J.A. Control of peripheral T-cell tolerance and autoimmunity via the CTLA-4 and PD-1
pathways. Immunol. Rev. 2008, 224, 166–182. [CrossRef] [PubMed]

73. Cameron, F.; Whiteside, G.; Perry, C. Ipilimumab. Drugs 2011, 71, 1093–1104. [CrossRef] [PubMed]
74. Fife, B.T.; Pauken, K.E.; Eagar, T.N.; Obu, T.; Wu, J.; Tang, Q.; Azuma, M.; Krummel, M.F.; Bluestone, J.A.

Interactions between PD-1 and PD-L1 promote tolerance by blocking the TCR—Induced stop signal.
Nat. Immunol. 2009, 10, 1185–1192. [CrossRef] [PubMed]

75. Takahashi, T.; Tagami, T.; Yamazaki, S.; Uede, T.; Shimizu, J.; Sakaguchi, N.; Mak, T.W.; Sakaguchi, S.
Immunologic self-tolerance maintained by CD25+ CD4+ regulatory T cells constitutively expressing cytotoxic
T lymphocyte—Associated antigen 4. J. Exp. Med. 2000, 192, 303–310. [CrossRef] [PubMed]

76. Huber, S.; Hoffmann, R.; Muskens, F.; Voehringer, D. Alternatively activated macrophages inhibit T-cell
proliferation by Stat6-dependent expression of PD-L2. Blood 2010, 116, 3311–3320. [CrossRef] [PubMed]

77. Parry, R.V.; Chemnitz, J.M.; Frauwirth, K.A.; Lanfranco, A.R.; Braunstein, I.; Kobayashi, S.V.; Linsley, P.S.;
Thompson, C.B.; Riley, J.L. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms.
Mol. Cell. Biol. 2005, 25, 9543–9553. [CrossRef] [PubMed]

78. Wherry, E.J. T cell exhaustion. Nat. Immunol. 2011, 12, 492–499. [CrossRef] [PubMed]
79. Hino, R.; Kabashima, K.; Kato, Y.; Yagi, H.; Nakamura, M.; Honjo, T.; Okazaki, T.; Tokura, Y. Tumor cell

expression of programmed cell death-1 ligand 1 is a prognostic factor for malignant melanoma. Cancer 2010,
116, 1757–1766. [CrossRef] [PubMed]

80. Keir, M.E.; Butte, M.J.; Freeman, G.J.; Sharpe, A.H. PD-1 and its ligands in tolerance and immunity.
Annu. Rev. Immunol. 2008, 26, 677–704. [CrossRef] [PubMed]

© 2017 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fonc.2015.00159
http://www.ncbi.nlm.nih.gov/pubmed/26258069
http://dx.doi.org/10.1038/nrc3239
http://www.ncbi.nlm.nih.gov/pubmed/22437870
http://dx.doi.org/10.1053/j.seminoncol.2015.02.010
http://www.ncbi.nlm.nih.gov/pubmed/25965361
http://dx.doi.org/10.1097/COC.0000000000000239
http://www.ncbi.nlm.nih.gov/pubmed/26558876
http://dx.doi.org/10.1371/journal.pone.0045185
http://www.ncbi.nlm.nih.gov/pubmed/23024807
http://dx.doi.org/10.1084/jem.182.2.459
http://www.ncbi.nlm.nih.gov/pubmed/7543139
http://dx.doi.org/10.1111/j.1600-065X.2008.00662.x
http://www.ncbi.nlm.nih.gov/pubmed/18759926
http://dx.doi.org/10.2165/11594010-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21668044
http://dx.doi.org/10.1038/ni.1790
http://www.ncbi.nlm.nih.gov/pubmed/19783989
http://dx.doi.org/10.1084/jem.192.2.303
http://www.ncbi.nlm.nih.gov/pubmed/10899917
http://dx.doi.org/10.1182/blood-2010-02-271981
http://www.ncbi.nlm.nih.gov/pubmed/20625006
http://dx.doi.org/10.1128/MCB.25.21.9543-9553.2005
http://www.ncbi.nlm.nih.gov/pubmed/16227604
http://dx.doi.org/10.1038/ni.2035
http://www.ncbi.nlm.nih.gov/pubmed/21739672
http://dx.doi.org/10.1002/cncr.24899
http://www.ncbi.nlm.nih.gov/pubmed/20143437
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090331
http://www.ncbi.nlm.nih.gov/pubmed/18173375
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Alternative to Maximal Tolerated Dose (MTD): Metronomic Chemotherapy 
	Decreased Angiogenesis 
	Decrease Therapeutic Resistance 
	Promote Anti-Tumor Immunity 
	Targeting Cancer Stem Cells 

	Checkpoint Inhibitors 
	CTLA-4 Inhibition 
	PD-1, PD-L1 and PD-L2 Inhibition 

	Combination: Metronomic Chemotherapy and Checkpoint Inhibitors 

