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Metronomic dosing of chemotherapy—defined as frequent adminis-
tration at lower doses—has been shown to be more efficacious than
maximum tolerated dose treatment in preclinical studies, and is cur-
rently being tested in the clinic. Although multiple mechanisms of
benefit from metronomic chemotherapy have been proposed, how
these mechanisms are related to one another and which one is dom-
inant for a given tumor–drug combination is not known. To this end,
we have developed a mathematical model that incorporates various
proposed mechanisms, and report here that improved function of
tumor vessels is a key determinant of benefit from metronomic che-
motherapy. In our analysis, we used multiple dosage schedules and
incorporated interactions among cancer cells, stem-like cancer cells,
immune cells, and the tumor vasculature. We found that metronomic
chemotherapy induces functional normalization of tumor blood ves-
sels, resulting in improved tumor perfusion. Improved perfusion al-
leviates hypoxia, which reprograms the immunosuppressive tumor
microenvironment toward immunostimulation and improves drug
delivery and therapeutic outcomes. Indeed, in our model, improved
vessel function enhanced the delivery of oxygen and drugs, in-
creased the number of effector immune cells, and decreased the
number of regulatory T cells, which in turn killed a larger number
of cancer cells, including cancer stem-like cells. Vessel function was
further improved owing to decompression of intratumoral vessels as
a result of increased killing of cancer cells, setting up a positive
feedback loop. Our model enables evaluation of the relative impor-
tance of these mechanisms, and suggests guidelines for the optimal
use of metronomic therapy.
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Metronomic chemotherapy is based on the frequent adminis-
tration of chemotherapeutic drugs at lower doses than the

maximum tolerated dose (MTD) and with minimal drug-free
breaks (1–3). Although metronomic chemotherapy was initially
thought to work as an antiangiogenic therapy (4, 5), it also has been
shown to affect the immune system and to directly affect cancer
cells, including the more chemoresistant stem-like cancer cells. The
antiangiogenic effect of metronomic chemotherapy on the tumor
vasculature may be mediated via increased levels of the endoge-
nous angiogenesis inhibitor thrombospondin-1 (TSP-1) (6). TSP-1
is produced not only by stromal cells, but also by cancer cells (7),
and induces apoptosis in circulating endothelial cells (8–11). Other
negative regulators of angiogenesis (e.g., endostatin, soluble VEGF
receptors) also can affect vascular function (6).
In earlier work, we hypothesized that the benefit of metronomic

therapy derived from vascular normalization (12). Later studies
showed that metronomic chemotherapy can indeed normalize tu-
mor blood vessels (13, 14). Vessel normalization repairs the
structure and function of the tumor vessel wall and tumor vascular
network, and can improve tumor perfusion and oxygenation (12,
15). Alleviation of hypoxia is known to decrease the number of
cancer stem-like cells (CSCs), enhance the efficacy of various
therapeutic regimens, decrease invasion, and promote an immu-
nostimulatory microenvironment in tumors (6, 12, 16).

Consistent with the effect of vascular normalization on the im-
mune system, metronomic chemotherapy also has been shown to
reprogram the tumor microenvironment from immunosuppressive
to immunostimulatory (6, 17). Increased delivery and/or cytotoxic
activity of immune effector cells and the selective depletion of
regulatory T cells (Tregs), among other factors, can improve im-
mune response (18–20). Finally, metronomic chemotherapy might
increase the killing of cancer cells and CSCs via improved delivery
of cytotoxic drugs (21, 22). Cancer cells, immune cells, and the
tumor vasculature interact with one another in multiple ways and
at different levels.
Given these complex interactions, predicting the outcomes of

preclinical and clinical studies a priori is difficult (2, 3, 23–25). We
hypothesize that a mathematical model that incorporates the
known mechanisms of the benefit of metronomic chemotherapy
may explain these diverse outcomes reported in the literature, and
provide guidelines for its optimal use and future experiments.
To date, only a few mathematical models of metronomic ther-

apy have been published, none of which accounts for interactions
among cancer cells, CSCs, immune cells, and tumor blood vessels
(26–32). To this end, we have developed a mathematical model
for tumor growth that accounts for three different phenotypes of
cancer cells—nonstem cancer cells (CCs), CSCs (which are more
resistant to drugs, hypoxia, and the immune system), and CCs that
are induced by chemotherapy to acquire a more stem-like pheno-
type, which we refer to as treatment-induced cancer cells (ICCs)
(33), as well as immune cells [natural killer (NK) cells, CD8+ T
cells, and Tregs], tumor vasculature, and their interactions (Fig. 1).
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The model also accounts for the delivery and cell killing potential of
chemotherapy based on the dose and schedule, and for transfor-
mations among CCs, CSCs, and ICCs (33). Specifically, as shown in
Fig. 1, drug delivery and tumor oxygenation depend on the func-
tional vascular density (i.e., tumor perfusion). Tissue oxygenation
favors the activity of immune cells and the proliferation rate of CCs,
whereas hypoxia promotes CSC and ICC phenotypes (34).
Along with oxygen supply, malignant cell density may be affected

by drug delivery and the killing potential of immune cells. In turn,
malignant cell density could directly affect vascular function
through compression of blood vessels. The function of tumor
vessels can be improved by vascular normalization that repairs
the abnormal structure and hyperpermeability of tumor blood
vessel walls. The resulting improvement in vascular function may
increase malignant cell proliferation, but also can improve drug
delivery, which increases cell killing (12, 35).
Here we used multiple protocols for MTD and metronomic

chemotherapies and compared model predictions with three in-
dependent sets of preclinical data to test the model’s validity. The
model offers insight into the relative contribution of various mech-
anisms of action of metronomic chemotherapy and potential strat-
egies to use it more effectively. It also can guide further experimental
studies to probe the link between vascular and immune responses
to treatment.

Results
TSP-1–Induced Vascular Normalization Can Significantly Inhibit Tumor
Growth. Our mathematical model incorporates interrelations
among components that play key roles in tumor progression.
Specification of these components, as well as their interactions,
was performed independently for each component based on
existing experimental data (details provided in Methods and SI
Appendix, Table S1). Then, when assembled as a system, the

model is capable of rendering predictions that are not intuitive
when the elements of the model are viewed in isolation.
Given the crucial contribution of TSP-1 to the normalization of

tumor blood vessels and the subsequent increase in functional
vessel density, we first performed a parametric analysis to in-
vestigate how relative increases in the amount of TSP-1 affect
cancer and immune cell populations, oxygen and drug concen-
tration, and finally overall tumor growth. Based on experimental
protocols, we simulated a murine tumor that grows within a period
of 30 d, with chemotherapy administered once weekly (4, 14, 36).
The results of our analysis are presented in Table 1 and SI

Appendix, Figs. S1 and S2. Vascular normalization through an in-
crease in TSP-1 level increases tumor oxygen supply and intra-
tumoral drug concentration (SI Appendix, Fig. S1 B and C).
Increased drug concentration leads to decreases in all cancer cell
types, which in combination with improved tissue oxygenation in-
creases the number and activation of NK cells (SI Appendix, Fig.
S1D). Increased NK cell activity complements the action of che-
motherapy to reduce cancer cell densities of all three phenotypes,
as well as the overall volume of the tumor (SI Appendix, Fig. S2).
Finally, the increase in CD8+ T cell level is moderate (SI Appendix,
Fig. S1E) and less dramatic than that of NK cell level, suggesting
that NK cells dominate the immune response under our assump-
tions. Furthermore, higher drug concentrations decrease the pop-
ulation of Tregs (SI Appendix, Fig. S1F). The spatial distribution of
all quantities is presented in SI Appendix, Fig. S3, and the temporal
variation of all cell types in shown SI Appendix, Fig. S4. Taken
together, our results suggest that a prerequisite for the efficacy of
metronomic chemotherapy is normalization of the structure and
function of the tumor vasculature.

Dose Scheduling and Time for Tumor Relapse Determine Treatment
Efficacy. We next investigated the dose and schedule of metro-
nomic chemotherapy that can lead to the most effective outcomes.
For this analysis, we tested the impact of different dose fractions of
TSP-1 levels (SI Appendix, Fig. S5) (7, 37). We simulated tumor
response over 30 d using the different dose scenarios shown in Fig.
2A. Note that even though the amount of drug administered at
each dose cycle was different, the total amount of drug adminis-
tered within the 30-d period was the same in all cases. Further-
more, the therapeutic outcomes for the different scenarios of the
total dose and frequency of drug administration also depended on
the time required for CCs, CSCs, and ICCs to recover following
chemotherapy. Tumor relapse is more likely to occur with a longer
drug-free period or a shorter time needed for cancer cells to re-
cover after a cycle of chemotherapy. This tumor recovery time can
vary from 1 to 5 d (38, 39), and thus simulations were repeated for
a combination of different dosage schedules and recovery times.
The MTD chemotherapy was administered once every week,
whereas four different protocols for metronomic chemotherapy
were used, with the dose varying from 1/2 to 1/14 of the MTD. In
the metronomic chemotherapy simulations, the drug was admin-
istered more frequently, so that the total drug amount remained
the same (Fig. 2A).
The results of the simulations are summarized as phase dia-

grams in Fig. 2 B–I and SI Appendix, Fig. S6. In these diagrams,
the relative changes in the quantities for the metronomic che-
motherapy protocols are plotted with respect to the corresponding
values of the MTD. As discussed previously, for metronomic
chemotherapy to be effective, it should improve the function of
the tumor vasculature. Fig. 2B shows that the functional vascular
density increased with administration of frequent low doses and
for tumor recovery times exceeding 2.5 d. For shorter recovery
times, the efficacy of treatment was compromised by allowing too
much time for the tumor to relapse. SI Appendix, Fig. S7 depicts
the temporal evolution of the total number of cancer cells for
different times for tumor recovery. These model predictions are in
agreement with previously reported experimental data (38, 39).

Fig. 1. Schematic of interactions among model components. An increase in
vascular density improves drug and oxygen delivery (54). Increases in drug
levels result in more efficient killing of CCs, CSCs, and ICCs (57, 58). Higher
oxygen concentrations accelerate the proliferation rates of CCs and the activity
of immune cells, whereas hypoxia favors CSC and ICC proliferation (33, 34, 61).
An increase in immune response results in more efficient killing of all cancer
cells (53). Increased proliferation of all cancer cell types leads to increased
oxygen consumption, inactivation of immune cells, and decrease vessel di-
ameters due to compression (51, 52). Vascular normalization improves func-
tionality of the vascular network, leading to an increase in functional vascular
density (7, 37), which enhances cancer cell proliferation, but increased drug
delivery kills proliferating cancer and immune cells (12, 35).
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Validation of Model Predictions. To assess the validity of our
mathematical model and to justify the values of the model pa-
rameters used, we compared model predictions with published
experimental data. The model was tested against the results of
three independent studies (13, 14, 40). In those studies, in vivo
experiments in murine tumor models were performed and the ef-
ficacy of metronomic chemotherapy was compared with no treat-
ment (control group) or with an MTD treatment. To simulate each
experiment in our model, we adjusted the amount and frequency of
the dose according to the experimental protocol of each study.
Subsequently, the sole model parameter that was varied for the
evaluation of the model was k1, which describes the dependence of
CC proliferation on oxygen (SI Appendix, Table S2). The value of
k1 was assigned to match model predictions with the final tumor
volume reported in the experimental data. Note, however, that the
same value of the parameter was used for each metronomic/control
or metronomic/MTD set of experiments; therefore, despite the
large number of parameters in the model, only one parameter was
varied for each set of experiments, which, as shown in Fig. 3 and SI
Appendix, Figs. S8 and S9, was sufficient for the model predictions
to match the results of all of the experiments.
In the first study, model predictions were compared with data

reported by Doloff et al. (13) from a weekly low-dose cyclophos-
phamide (CPA) regimen used as a metronomic protocol, which

induced increased tumor oxygenation in 9L gliosarcoma tumors
(Fig. 3). Our model predictions agree with the data on tumor
growth and partial oxygen pressure for both the control and the
CPA-treated groups. In a second study, patient-derived pancreatic
tumor xenografts were treated with metronomic gemcitabine and
MTD (14), and changes in tumor volume, percentage of hypoxia,
and functional vascular density were compared with the model
predictions (SI Appendix, Fig. S8). The model captured the gen-
eral response of metronomic chemotherapy for both tumor types
and for all experimental protocols. In the third study (40), patient-
derived xenografts of pancreatic cancer were treated with metro-
nomic gemcitabine or saline, and again changes in tumor volume,
hypoxic fraction, and functional vascular density were compared
with model predictions (SI Appendix, Fig. S9). In these studies,
hypoxia was measured using a hypoxia marker (EF5+), whereas in
the model any concentration below the normal oxygen level was
considered hypoxic. In addition, functional vascular density was
measured via CD31+/Hoechst+ staining, which cannot be directly
related to the corresponding model parameter. In those cases,
relative changes in the vascular density of the metronomic che-
motherapy group to the MTD group (for the second study) and
the control group (for the third study) were used for comparison.

Table 1. Effect of TSP-1 level on model variables at the end of the simulation

Relative
TSP-1 level

Oxygen,
mol/m3

Drug
delivery* NK cells CD8+ T cells Tregs Cancer cells

Stem cell-like
cancer cells

Induced
cancer cells

Tumor
volume, mm3

1 0.0252 0.476 18.1 3.34 1.07 33.9 3.39 32.5 6,914.9
2 0.0308 0.539 22.6 3.89 1.07 27.8 3.20 31.9 5,936.8
3 0.0412 0.642 27.3 4.18 1.06 24.3 2.80 28.4 4,110.9
4 0.0576 0.910 32.2 4.30 1.06 17.9 2.27 23.5 2,516.4

All cell concentrations are normalized to the initial cancer cell concentration. The parameters were calculated in the middle distance of the tumor center
and periphery.
*Drug concentration taken up by all three types of cancer cells relative to vascular concentration.

Fig. 2. Effects of dose scheduling and time for tumor
relapse on the efficacy of metronomic therapy. (A)
Five different protocols were used for a 30-d period;
MTD was given once per week, and metronomic
chemotherapy was administered in smaller, more
frequent doses, with the total amount of drug ad-
ministered kept constant. (B–I) Phase diagrams for the
effects of dose scheduling and tumor relapse/cell re-
covery on tumor oxygenation, drug delivery, immune
cell and cancer cell populations, and tumor volume.
Relative values of metronomic therapy with respect to
the corresponding values of the MTD protocol are
presented. Values of model parameters shown in the
figure were calculated in the middle distance be-
tween the tumor center and periphery.
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Parametric Analysis of Critical Model Variables. This being a multi-
variate mathematical framework, we performed a parametric
analysis to determine which parameters have the strongest effects
on therapeutic outcomes. Drug delivery is associated with the
functional vascular density and the pore size (permeability) of
the tumor vessel wall. In SI Appendix, Fig. S10, the concentration of
the drug is plotted as a function of these two parameters. Drug
delivery is optimized for high vascular densities and for pore sizes
on the order of 150 nm, the pore size value that we used in our
simulations for vascular normalization. For the parameters asso-
ciated with the immune response, the activity of both NK cells and
CD8+ T cells in the model was taken to be a linear function of
tumor oxygenation. A nonlinear expression would change the re-
sults only quantitatively, but the general conclusions of this study
would remain unaffected. Assuming that the activity of immune
cells was not affected by vascular normalization, the efficacy of
metronomic chemotherapy would be lower, but still better than
that of MTD owing to increased drug delivery (SI Appendix, Fig.
S11). Furthermore, assuming that vascular normalization did not
occur in metronomic chemotherapy, the efficacy of treatment
would be better than that of MTD owing to reduced immunogenic
cell death and the decreased number of Tregs as a result of met-
ronomic dose scheduling (SI Appendix, Fig. S12) (41).
Another parameter that might affect the population/function of

NK cells and CD8+ T cells is the inhibition term from Tregs. SI
Appendix, Fig. S13 depicts the volume of a tumor using the
baseline value of the model parameters (SI Appendix, Table S1),
as well as the predicted tumor volume when varying the value of
the Treg inhibition term in SI Appendix, Eq. S5. Again, the results
are qualitatively similar.

Discussion
Metronomic chemotherapy has been proposed as an alternative to
MTD treatment. The changes imparted by metronomic chemo-
therapy on cancer cells and the tumor microenvironment have
been well studied, but how these multiple mechanisms of action
contribute to reducing tumor growth is not intuitive and is difficult
to elucidate experimentally. The goal of the present study was to
develop a mathematical model incorporating changes induced by
chemotherapy in the tumor vasculature, cells of the immune sys-
tem, and cancer cells to predict under what conditions metronomic
dose/scheduling can be more beneficial than MTD. After com-
paring data from the literature and that derived from our model,
we conclude that metronomic chemotherapy is effective when it
induces normalization of the tumor vasculature. Vascular nor-
malization sets up a sequence of events that include reduced vessel
leakiness, improved tumor functional vascular density and

perfusion, increased oxygen supply and alleviation of hypoxia,
enhanced immune system activation, and improved drug delivery
(Fig. 4).
Importantly, tumor perfusion improves during metronomic

chemotherapy via both direct and indirect mechanisms. The direct
mechanism is the normalization of tumor vasculature via in-
creased levels of TSP-1, and the indirect mechanism is the de-
compression of tumor vessels owing to a reduction in the
mechanical forces exerted on the vessels by the killing of all types
of cancer cells. Therefore, as more malignant cells are killed, the
less compression is applied on the vessels, allowing collapsed
vessels to open up and become capable of carrying blood, resulting
in a positive feedback loop (Fig. 4).
Experimental studies have shown that low and more frequent

doses of chemotherapy have the ability to increase TSP-1 levels,
which, according to our results, should improve treatment outcomes.
Optimal dosage scheduling should be based on both the chemo-
therapy regimen used and the tumor type being treated. In a clinical
situation, the optimal dose can be determined by the changes that
chemotherapy induces in tumor vessel permeability and perfusion.
Both vessel permeability and perfusion can be measured clinically
with magnetic resonance imaging (MRI) (42, 43); thus, the optimal
dose and schedule to reduce vessel permeability and improve per-
fusion can be inferred using MRI. Given the continuously evolving
nature of each cancer, as well as differences among tumor types,
among tumors of the same type, and between a primary tumor and
its metastases, the selection of an optimal dosage schedule must be
patient-specific. Furthermore, our model suggests that the time re-
quired for cancer cells to recover from a dose of chemotherapy is a
key parameter in optimizing metronomic chemotherapy. Our cal-
culations based on daily treatments show that to be most effective,
the time for tumor recovery should be at least 2.5 times longer than
the interval between treatments.
This model has several limitations. It accounts only for increased

TSP-1 as the mechanism of vascular normalization. Modulation of
other molecules, such as a decrease in VEGF level, also can induce
vascular normalization (6, 44). Various cells, including cancer and
stromal cells, produce VEGF in hypoxic conditions. Judicious
doses of anti-VEGF treatment can restore the structure and
function of abnormal tumor vessels. Indeed, anti-VEGF therapy

Fig. 3. Comparison of model predictions with previously reported experi-
mental data (13).

Fig. 4. Schematic of the proposed mechanism of action of metronomic
therapy. Metronomic therapy increases TSP-1 levels, inducing normalization
of the tumor vessels. Vascular normalization increases the functionality of
the tumor vessels, thereby improving tumor perfusion and oxygenation.
Improved perfusion increases cancer cell proliferation owing to improved
nutrient and oxygen supply. In addition, improved perfusion enhances the
delivery of chemotherapy, whereas improved oxygenation increases the
number and killing efficacy of immune cells. Consequently, more cancer cells
are killed, which decompresses collapsed tumor blood vessels, further in-
creasing tumor perfusion and causing a positive feedback loop.
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not only decreases vessel wall pore size (permeability), but also
“normalizes” the structure of the vasculature (6, 44). In our model,
we consider only pore size changes, and not the vessel morphology
explicitly. Regarding metronomic therapy, the increased killing of
cancer and stromal cells due to TSP-1–induced vascular normali-
zation decreases the number of cells. Fewer cells means less pro-
duction of VEGF, which in turn should further normalize vessels
and improve vascular function. In addition, TSP-1 levels are not
likely to increase instantaneously after the first injection of low-
dose chemotherapy, as we assumed in our model. In reality, there
should be a sigmoidal shape with one or multiple time constant(s)
to reach a steady state. Furthermore, our model does not account
for the direct effects of the chemotherapeutic agent on functional
vascular density. It also does not account for the fact that CSCs
reside not only in hypoxic regions, but also in the perivascular
niche. Moreover, alleviation of hypoxia also can convert protumor
macrophages into antitumor macrophages, a phenomenon not
currently incorporated into the model. This change alone can
cause tumor regression without changes in NK or CD8+ cells (6).
Other cells that are important in immune regulation, such as
macrophages, B cells, CD4+ cells, and dendritic cells, are not
considered. Furthermore, the model is limited in that it does not
account for the fact that improved vascular support resulting from
vessel normalization can increase the recruitment of immune cells
into the tumors (16). Incorporation of increased infiltration of
immune cells owing to better vascular function would further im-
prove the effect of metronomic chemotherapy. Finally, the model
does not account for the effect of metronomic chemotherapy on
the activation of cancer-associated fibroblasts (45).
The foregoing limitations are expected to affect model predic-

tions only quantitatively, leaving the basic conclusion of this study
unaffected. In the meantime, the model can serve as a foundation
for further experimental studies to examine the link between
vascular and immune responses to treatment. Out of necessity, the
present model oversimplifies some important features that are as-
yet insufficiently well characterized for incorporation into a
mathematical model, but the framework developed here can be
readily adapted as more data become available.
Given its complexity and comprehensiveness, our model includes

a large number of parameters (SI Appendix, Table S1) that are
associated with tumor growth, proliferation and death rate of
various cancer cells, drug delivery, tumor properties, and other
functions. Baseline values of the model parameters were de-
termined independently based on our previous work, as well as the
work by others. Nevertheless, model predictions are in good
agreement with a large set of experimental data. Deviations from
the experiments are relatively large in some cases, presumably
owing to certain assumptions in the model and the use of values of
parameters taken from other studies and for other tumor types.
Consequently, we performed an analysis to identify the most crit-
ical parameters by varying their values over the ranges reported in
the literature. The qualitative predictions of the model were found
to be robust with respect to the values of the parameters used.

Methods
Mathematical Model. A detailed description of the model and its assumptions,
alongwithmodel equations, are provided in SI Appendix. Themodel accounts for
the spatiotemporal distribution of CCs, CSCs, and ICCs (with CSCs and ICCs con-
sidered more resistant to cytotoxic drugs, hypoxia, and the immune system
compared with CCs), cells of the immune system, the tumor vasculature, tissue
oxygenation, drug delivery, and interconversion among CCs, CSCs, and ICSs (Fig.
1). Tumor growth is determined by the combined proliferation of all cancer cell
types, as well as their killing rate by immune cells and chemotherapy. The pro-
liferation of malignant cells depends on vessel functionality (i.e., tumor perfu-
sion), through its capacity to supply oxygen and nutrients to the tissue. We made
the distinction, however, that whereas CC proliferation increases with oxygen
levels, CSC and ICC proliferation increases under hypoxic conditions. Therefore,
we assume that in hypoxic conditions, the proliferation of CSCs and ICCs increases

inversely with oxygen concentration, so that as oxygen concentration approaches
0, the proliferation rate is twice the rate at normal oxygen concentration (34).

In the model, vessel functionality is assumed to be affected by two pa-
rameters: the hyperpermeability and compression of tumor vessels (37). Other
parameters affecting vessel functionality, such as intravascular thrombosis and
the formation of vascular shunts via the dysregulation of vessel diameter,
tortuosity, and connectivity, are not considered in the current formulation.
Functional shunting refers to perturbations of the mechanisms of structural
adaption in tumors that can give rise to a maldistribution of blood flow (46,
47). Before treatment, tumor vessels are considered hyperpermeable, and a
vessel wall pore size of 400 nm was chosen as the baseline value for the
simulations (48). Vessel hyperpermeability reduces perfusion, because a very
leaky upstream vessel might reduce the blood supply to downstream vessels
(6, 49, 50). Furthermore, malignant cells exert mechanical forces on blood
vessels, and as cell density increases might cause compression of intratumoral
vessels, drastically reducing tumor perfusion and oxygenation (51, 52). An
analysis of published experimental data (51, 52) reveals that the relative de-
crease in the diameter of tumor blood vessels is inversely proportional to cell
density (SI Appendix, Fig. S14). In our previous studies, we related vessel
functionality to the permeability and compression of tumor vessels (37, 48, 51).
In the present study, we applied this relationship to account for how rapid
cancer cell proliferation can slow tumor growth owing to blood vessel com-
pression and oxygen deprivation.

Apart from cancer cell populations, our model accounts for the immune
system, particularly for three types of immune cells: NK cells, CD8+ T cells, and
Tregs. de Pillis et al. (53) investigated the effects of NK and CD8+ T cells on
tumor growth, deriving the values of the model parameters through a com-
parison with preclinical and clinical data. Our model takes into consideration
the growth/death rate of the cells, their inactivation by cancer cells, and their
activation by oxygen, which increases their killing potential. Transport of oxy-
gen and chemotherapy was modeled based on previous work (50, 54). Fluid
transport across the tumor vessel wall is described using Starling’s approxima-
tion. Transport of oxygen or drug molecules then depends on the permeability
of the vessel wall, as well as on functional vessel density. In the tumor in-
terstitial space, transport and cellular uptake of oxygen and drugs are described
by convection-diffusion-reaction equations (55, 56). The numbers of CCs, CSCs,
and ICCs killed by chemotherapy are functions of drug uptake, taking into
account that CSCs and ICCs are more chemoresistant than CCs (57, 58). The
interrelations among the different model components are shown in Fig. 1, and
values of the model parameters and domain are presented in SI Appendix,
Tables S1 and S2 and Fig. S15.

Model Specification.According to previously published experimental data (59,
60), low-dose metronomic therapy increases TSP-1 levels compared with
MTD. In our model, we assume a sigmoidal increase of TSP-1 with a decrease
in dose, as shown in SI Appendix, Fig. S5. Even though a different function
could be used for the dependence of TSP-1 level on dosage schedule, the
results would change only quantitatively, leaving the main conclusion of our
study unaffected. Furthermore, in previous work (7) we showed that an
increase in TSP-1 led to normalization of the tumor vessels, characterized by
decreases in vascular permeability and diameter accompanied by an increase
in functional vessel density (12, 15, 44). Changes in vascular permeability are
modeled as variations of the vessel wall pore size (54). For the lowest doses
of metronomic chemotherapy, the vessel wall pore size decreased from
400 nm (pore size in MTD) to 150 nm (i.e., a 2.5-fold change), which corre-
sponds to the decrease in vascular permeability that we observed experi-
mentally (7). In addition, Izumi et al. (7) reported an increase in functional
vessel density (referred to as Svo in SI Appendix, Eq. S21) following vessel
normalization, and Stylianopoulos and Jain (37) correlated the fraction of
functional vessels with vessel wall pore size (SI Appendix, Fig. S5 B and C).
The effects of TSP-1 level on vessel wall pore size and functional vascular
density are expected to be time-dependent, but in our model we used the
final/posttreatment value from the beginning, owing to a lack of pertinent
experimental data. The functional vessel density is further subjected to
vessel compression by cancer cells, such that as the cell density increases, the
number of functional vessels decreases ( SI Appendix, Fig. S14). Finally, we
assumed that the activity of immune cells is affected by tumor oxygenation
(6, 34, 61). Owing to a lack of studies that directly relate oxygen levels to the
data on the activity of NK or CD8+ T cells incorporated in our model, we used
values from the range reported by de Pillis et al. (53), whose model focuses
on the action of NK and CD8+ T cells, with values of the model parameters
specified by comparing model predictions with preclinical and clinical data.
Under complete hypoxic conditions, we used the lowest value for the activity
of NK cells and CD8+ T cells reported by de Pillis et al. (53), which increased
linearly to the highest value for normal oxygenation conditions.
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