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Advances in immunotherapy have revolutionized the treatment of
multiple cancers. Unfortunately, tumors usually have impaired blood
perfusion, which limits the delivery of therapeutics and cytotoxic
immune cells to tumors and also results in hypoxia—a hallmark of
the abnormal tumor microenvironment (TME)—that causes immu-
nosuppression. We proposed that normalization of TME using anti-
angiogenic drugs and/or mechanotherapeutics can overcome these
challenges. Recently, immunotherapy with checkpoint blockers was
shown to effectively induce vascular normalization in some types of
cancer. Although these therapeutic approaches have been used in
combination in preclinical and clinical studies, their combined effects
on TME are not fully understood. To identify strategies for improved
immunotherapy, we have developed a mathematical framework
that incorporates complex interactions among various types of can-
cer cells, immune cells, stroma, angiogenic molecules, and the vas-
culature. Model predictions were compared with the data from five
previously reported experimental studies. We found that low doses
of antiangiogenic treatment improve immunotherapy when the two
treatments are administered sequentially, but that high doses are
less efficacious because of excessive vessel pruning and hypoxia.
Stroma normalization can further increase the efficacy of immuno-
therapy, and the benefit is additive when combined with vascular
normalization. We conclude that vessel functionality dictates the
efficacy of immunotherapy, and thus increased tumor perfusion
should be investigated as a predictive biomarker of response to
immunotherapy.

immunotherapy | vascular function | normalization | anti-angiogenic
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mmunotherapy is now a standard of care for multiple types of

cancer (1, 2). Cancer cells are able to evade immune responses
by activating negative regulatory pathways, also known as im-
mune checkpoints, that block T-cell priming and activation. The
inhibition is mediated in large part by the binding of Programmed
Cell Death Protein 1 (PD-1) receptor of T cells to the PD-L1 li-
gand or the binding of cytotoxic T lymphocyte antigen 4 (CTLA-4)
receptor of T cells to the B7 molecules in response to various
cytokines, such as interferon-y (IFNy) (3). The recent develop-
ment and Food and Drug Administration approval of anti-PD-1/
anti-PD-L1 or anti-CTLA-4 antibodies, known as immune
checkpoint blockers (ICBs), enables the inhibition of immune
checkpoint pathways, thereby eliciting antitumor clinical responses
in a variety of solid cancers (4). ICBs have revolutionized the
treatment of cancer and have been approved as monotherapies or
in combination with other treatments for more than a dozen ma-
lignancies (4). While treatment responses are often durable, only a
small fraction of patients receiving anti-PD-1/PD-L1 therapy are
“cured,” while an estimated 87% of US cancer patients currently
do not benefit from ICB monotherapies (5). However, with more
than 3,500 ongoing clinical trials for cancer immunotherapy
(ClinicalTrials.gov), immunotherapy is expected to change the
standard of care in many more cancer types.
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The absence of a therapeutic benefit in patients has been at-
tributed to a variety of factors, including the abnormal tumor
microenvironment (TME), characterized by dysfunctional blood
vessels that hinder the delivery of immunotherapeutic agents and
cause immunosuppression (1, 6, 7). Indeed, a spatiotemporal
lack of sufficient tumor blood perfusion can result in hypoxia,
low pH, and inadequate delivery of medicines, which in turn
compromises the efficacy of cancer therapies, including immu-
notherapy (1, 8, 9). One important consequence is that a hypoxic
TME helps cancer cells evade the immune system (1). In partic-
ular, hypoperfusion hinders the delivery of immune cells to the
tumor site through the vascular system, while hypoxia renders the
TME immunosuppressive and attenuates the killing potential of
immune effector cells (10, 11). Specifically, hypoxia up-regulates
immune checkpoints (11, 12), reprograms tumor-associated mac-
rophages (TAMs) from an immunosupportive M1-like phenotype
toward an immunosuppressive M2-like state, and may hinder the
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maturity, and thus the efficacy, of antigen presentation by den-
dritic cells (10, 13). In addition, hypoxia and acidity affect the
function of T lymphocytes and other immune cells (14-16), whereas
hypoperfusion and the dense/stiff TME is a physical barrier to T cell
infiltration into the tumor (17, 18). Indeed, increased perfusion has
been related to improved ICB response (19).

Tumor perfusion is compromised in part by the compression
as well as the tortuosity and hyperpermeability of tumor vessels
(20). Vessel compression is a result of mechanical forces accu-
mulated within stroma components of tumors (21-23). Indeed, our
previous studies (24-26) showed that inhibiting CXCL12/CXCR4
or angiotensin signaling can target cancer-associated fibroblasts
(CAFs) and extracellular collagen and hyaluronan, which in turn
alleviates intratumoral forces, decompresses tumor vessels, and
improves perfusion as well as the outcome of ICBs. We have re-
ferred to this approach as stroma normalization (27-30).

Vessel hyperpermeability and tortuosity can be lowered using
judicious doses of antiangiogenic (e.g., anti-vascular endothelial
growth factor [anti-VEGF]) agents, which increase pericyte cov-
erage and fortify the immature vessels. This strategy, known as
vascular normalization, can improve tumor perfusion and thereby
increase oxygen and drug delivery, as well as improve the efficacy
of various treatments, including immunotherapy (31-36). As a
result, perfusion can be increased within the tumor (37). However,
vessel normalization is dose-dependent, and high doses of the
anti-angiogenic drug can prune the vessels and reduce perfusion
and drug delivery (36, 38). In addition, vascular normalization has
a transient effect; prolonged anti-angiogenic treatment can result
in excessive vessel pruning. This dose- and time-dependency of
vascular normalization results in a “normalization window” within
which perfusion is improved (33, 38).

Stroma and vascular normalization improve tumor perfusion
and oxygenation and can enhance immune response by skewing
TAM polarization toward the M1 phenotype, which is tumor-
icidal and immunostimulatory (10, 13, 24, 39, 40). This can also
result in the activation of dendritic cells, cytotoxic T lympho-
cytes, and natural killer (NK) cells (39). Furthermore, increased
tumor perfusion via vessel normalization improves the function
of immune cells, contributing to increased killing of cancer cells,
which results in the killing of the more resistant stem cell-like
cancer cells (41). It has also been proposed that ICB-induced
increases in the ratio of CD4"/CD8* T cells may decrease the
levels of VEGF and thereby decrease tumor vessel permeability,
indirectly inducing vascular normalization (10, 42).

Given these complex interactions among cancer cells, immune
cells, stroma, and the tumor vasculature, the prediction of the
outcome of combined anti-angiogenic, stroma-normalizing, and
immune therapies is not intuitive. We hypothesize that a mathe-
matical model that incorporates the known mechanisms of im-
mune response as well as vascular and stroma normalization can
explain the experimental observations reported in the literature
and provide guidelines for its optimal use and for future experi-
ments. Systems-level mathematical models for the prediction of
anti-CTLA-4 and anti-PD-1/anti-PD-L1 response have been de-
veloped previously (43-45); however, they do not account for
spatial variation in the TME. Here, based on our previous study
(41) and the work of others (46, 47), we developed a continuum
mathematical modeling framework to account for interactions
among different types of cancer cells, immune cells, tumor blood
vessels, oxygen supply, and drug delivery. We build on our previous
models (41, 48) by incorporating M1-like and M2-like TAMs;
CD4*, CD8", and regulatory (Tregs) T cells, and vascular and
perivascular cells and their reported involvement in immunother-
apy response. Furthermore, we take into account the dependence
of the functional vasculature on stroma components; the concen-
tration gradients of various proangiogenic molecules, including
angiopoietins (Angl and Ang?2), platelet-derived growth factor
(PDGF)-B, VEGF, and CXCL12; and the vascular normalization
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effect of CD4" and CD8* T cells (Fig. 1). We simulate how anti-
angiogenic, stroma normalization, and immunotherapy treatments
affect model components and compare model predictions with
previous experimental studies (19, 24, 26, 36, 49). Furthermore, we
use model predictions to provide guidelines for the optimal use of
these three strategies and point out the gaps in our understanding.

Results

Validation of Model Predictions with Experimental Studies. To assess
the validity of our mathematical model and justify the values of the
model parameters (SI Appendix, Table S1), we compared model
predictions with experimental data from five studies, summarized
in Table 1. To compare model predictions with experimental data,
all model parameters were kept the same as derived separately from
pertinent studies. The sole model parameter that was adjusted to fit
the experimental data (19, 24, 26, 36, 49) was k;, which describes the
dependence of cancer cell proliferation on oxygen concentration (S/
Appendix, Table S2). The value of k; was determined so that the
predicted final tumor volume matched the experimental value of
one of the treatment groups, and it was kept the same for com-
parison of model predictions against all experimental data from all
groups of the same study. Therefore, despite the large number of
parameters in the model—which is justified by its degree of com-
prehensiveness—only one parameter was varied for each study.

In our previous studies (e.g., refs. 24 and 26), stroma nor-
malization was applied to improve perfusion and enhance the
efficacy of ICBs (anti-PD-1 and anti-CTLA-4) in murine breast
tumors. We incorporated the experimental protocols in our model
and compared model predictions with experimental results. We
modeled stroma normalization as a decrease in the tumor elastic
modulus because a primary effect of the strategy is the softening of
the tumor. In addition, anti-PD-1 treatment was modeled as an
increase in CD8* T cells, and anti-CTLA-4 treatment was mod-
eled as a decrease in regulatory T cells (Tregs), in line with the
reported effects of these two treatments (50). ST Appendix, Table
S3 summarizes the model parameters associated with each treat-
ment strategy. To demonstrate the comparison between the di-
mensionless model parameters and the experimental measurements,
the values of the different measured parameters are presented
relative to the values of the control group. For the first study
(26), model predictions agree well with the data on CD4" and
CD8* T cells, Tregs, and tumor volume in EQ771 breast tumors
(Fig. 24) and solid stress, tumor perfusion, IFNy level, and tumor
volume in MCa-M3C breast tumors (Fig. 2B). In our model, hypoxia
was calculated as the percentage of oxygen concentration below the
oxygen level in the peritumoral normal tissue, and tumor perfusion
was calculated as the ratio of the tumor functional vascular density to
that of the normal tissue. In the second breast cancer study (24),
model predictions show good agreement with the data on solid stress,
tumor perfusion, hypoxia, and IFNy levels (Fig. 2C).

In another breast cancer study from our laboratory, Huang
et al. (36) demonstrated that targeting the tumor vasculature
with low vascular-normalizing doses, but not high antivascular
doses, results in a more homogeneous distribution of functional
tumor vessels. Furthermore, low doses were superior to the
high doses in polarizing TAMs from an immune inhibitory M2-
like phenotype toward an immune stimulatory M1-like phe-
notype and in facilitating CD4* and CD8" T cell tumor in-
filtration. We simulated the same experimental protocol to
compare model predictions to the results of low- and high-dose
anti-VEGF treatments. In our simulations, the effects of dif-
ferent doses of anti-VEGF on endothelial cells and VEGF
levels were modeled by changes in the endothelial cell and

VEGF degradation rate constants, k.. and k;e_gfeg, respec-

tively (SI Appendix, Eqs. S19 and S22), according to experi-
mental studies (51, 52). To facilitate comparisons between
the dimensionless model parameters and the experimental
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Fig. 1.

Schematic of the interactions among model components. The model accounts for various cell populations (orange boxes) and tumor angiogenic

factors (blue boxes). TME component: Increases in functional vascular density and tumor perfusion enhance tumor oxygenation. Higher oxygen levels ac-

celerate the proliferation rates of CCs and CD4™ T cells

and the activity of immune cells and polarize TAMs from an immune inhibitory M2-like phenotype

toward an immune stimulatory M1-like phenotype. Along with the immunostimulatory action of M1-like TAMs, the model accounts for their tumoricidal
effect on CCs. According to previous studies, CD4* T cells stimulate CD8* T cells, and an increased immune response leads to more efficient killing of all types

of cancer cells. Increased proliferation of all cancer cel

| types results in increased oxygen consumption, inactivation of immune cells, and decreased vessel

diameters due to compression-induced hypoxia. Hypoxia favors proliferation of CSCs and ICCs and increases VEGF and CXCL12 levels. In addition, targeting of
stroma components through CXCL12/CXCR4 signaling alleviates solid stresses, which are associated with vascular dysfunction. Tumor vasculature component:
This initiates angiogenesis through the proliferation and migration of endothelial cells that form the vessels. Angiogenesis is enhanced by high levels of Ang2,
which destabilizes vessels, and inhibited by Ang1 and PDGF-B, which recruit pericytes and stabilize vessels. In addition, knockout of CD4" T cells results in
overexpression of VEGF, which is correlated with higher numbers of M2-like TAMs. On the other hand, a decrease in M2-like TAMs results in higher numbers
of effector immune cells (CD8"* T cells and NK cells). Increased numbers of CD4" and CD8* T cells enhances production rates of IFNy, which is associated with
decreased vessel wall pore size and permeability, leading to vascular normalization. Vascular normalization improves the functionality of the vascular net-

work, leading to an increase in functional vascular density, which enhances cancer cell proliferation.

measurements, the values of the different measured parameters
are presented relative to the values of the lowest-dose treatment.
Model predictions agree well with our data on tumor perfusion,

Zheng et al. (19), found that ICBs increased tumor vessel
perfusion in the immunotherapy-sensitive E0771 murine breast

hypoxia, tumor volume, and the numbers of CD4* and CD8* T

cells and M1-like TAMs (Fig. 34).

tumor model, and that the ability of anti-CTLA-4 therapy to
increase vessel perfusion was associated with treatment efficacy.
Comparisons of model predictions with the data on tumor

Table 1. Experimental studies used to validate model predictions

Cancer type Main findings Reference

Breast cancer (E0771; MCA-M3Q) Combination treatment of stroma normalization with (26)
immunotherapy increases tumor perfusion, CD4* and CD8* T
cells, M1-like TAMs, and IFNy levels and decreases solid
stress, hypoxia, and tumor growth rate.

Breast cancer (MCA-M3C) Stroma normalization reduces solid stress and (24)
hypoxia and enhances tumor perfusion and IFNy levels.

Breast cancer (MCAP008) Low-dose anti-VEGF treatment improves the efficacy of (36)
treatment compared with high-dose treatment, by increasing
tumor perfusion, CD4" and CD8™ T cells, and M1-like TAMs and
decreasing hypoxia and tumor growth rate.

Breast cancer (E0771) Anti-CTLA-4 treatment improves tumor perfusion, oxygenation, (19)
and treatment efficacy.

Hepatocellular carcinoma (RIL-175) Combination treatment with vascular normalization and (49)

immunotherapy increases tumor perfusion and CD8* T
cells and decreases M2-like TAMs and tumor growth rates.
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Fig. 2. Comparison of model predictions with experimental data from Chauhan et al. (26) for E0771 (A) and MCa-M3C (B) breast tumors. (C) Comparison of
model predictions with experimental data from Chen et al. (24) in MCa-M3C breast tumors. The x-axis shows the various treatment groups included in the
experimental studies: TMIA-ARB, tumor-selective angiotensin receptor blocker; anti-PD-1, PD-1- blocker; anti-CTLA-4, CTLA4- blocker; and AMD3100, a CXCR4

inhibitor.

perfusion, hypoxia, and final volume are presented in Fig. 3B.
Shigeta et al. (49) demonstrated that dual anti-PD-1/anti—
VEGFR-2 (antiangiogenic) therapy has a durable vessel fortifi-
cation effect in hepatocellular carcinoma (HCC) models and can
overcome resistance to antiangiogenic therapy and immuno-
therapy. Specifically, they found that combination treatment
improves efficacy by increasing the fraction of mature vessels,
increasing T cell infiltration and activation, and shifting the ratio
of M1-like to M2-like TAMs. Model predictions agree well with
the data on tumor volume and the fractions of CD8" T cells and
M2-like TAMs (Fig. 3C).

Vascular Normalization Improves Immunotherapy if Associated with
Increased Perfusion. As mentioned previously, vascular normali-
zation and immunotherapy are two strategies that have been
combined for cancer therapy, but the mechanisms of action are
not intuitive, and it is difficult to predict a priori the conditions
under which the two treatments can be combined favorably. To
investigate the effects of different doses of anti-VEGF and im-
munotherapies, we performed simulations for combinatorial
administration of the two treatments. Immunotherapy was
modeled as changes in the source term of CD8* T cells, which is
the expected immediate effect of anti-PD-1 treatment and anti-
VEGF treatment as an increase in the degradation rate con-
stants of both endothelial cells and VEGF (SI Appendix, Table
S3). In the model, anti-VEGF treatment was administered first,
followed by immunotherapy 4 d later. The anti-VEGF dose was
chosen based on experimental data (36). Only low doses of anti-
VEGF treatment are effective, because they lead to maintenance
of an optimal area of functional vascular density (Fig. 4 and S/
Appendix, Fig. S1), whereas high doses of anti-VEGF cause ex-
cessive vessel pruning, reducing vascular density, perfusion, and
treatment efficacy. Temporal and spatial profiles of the values of
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the model parameters for the sequential administration of anti-
VEGEF treatment and immunotherapy are presented in Figs. 5
and 6, along with corresponding model predictions for untreated
tumors and for immunotherapy alone. Therefore, anti-VEGF
treatment is beneficial to immunotherapy only when it is asso-
ciated with an increase in blood vessel functionality.

Stroma Normalization Enhances the Efficacy of Inmunotherapy. We
next performed simulations to investigate the effect of stroma
normalization on improving the efficacy of immunotherapy.
Reduction of stroma components such as CAFs, collagen, and
hyaluronan decreases the elastic modulus and alleviates intra-
tumoral stresses, resulting in a “mechanically softer” tumor (28,
29, 53). We investigated the effect of varying the tumor elastic
modulus within the range of experimentally measured values (28,
29, 53, 54) on the efficacy of immunotherapy. Low values of the
elastic modulus resulted in improved tumor perfusion, increased
T-cell infiltration and polarization of TAMs from an immune
inhibitory M2-like phenotype toward an immune stimulatory
M1-like phenotype, and thus increased cancer cell killing (S7
Appendix, Figs. S2 and S3). Immunotherapy was again modeled
as an increase in the source term of CD8* T cells. According to
our results, higher CD8" T cell values and lower elastic modulus
values are more beneficial. The temporal and spatial distribu-
tions of the values of the model parameters are shown in Figs. 5
and 6.

Guided by the foregoing results, we investigated the effect of a
triple therapy combining anti-angiogenic, stroma-normalizing,
and immune therapy. Given that stroma normalization decom-
presses tumor blood vessels, it could increase the number of
perfused vessels that anti-angiogenic therapy could normalize.
Therefore, it is reasonable to hypothesize that combined nor-
malization strategies would further improve perfusion. Indeed,
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shows the various treatment groups included in the experimental studies: DC101, an anti-VEGF antibody; anti-PD-1, a PD-1 blocker; and anti-CTLA-4, a CTLA-

4 blocker.

our model predicts that combination of the two strategies with
immunotherapy improves functional vascular density and tumor
growth delay (SI Appendix, Fig. S4).

Sensitivity of Model Predictions to Cancer Cell Proliferation and
Migration. Because model predictions can be affected by the
proliferation and migration rates of cancer cells, we performed a
parametric analysis to assess the sensitivity of our results to these
parameters. We varied the values of cancer cell proliferation and
migration and repeated simulations for sequential administration
of anti-VEGF treatment and immunotherapy (SI Appendix, Fig.
S5). Model predictions are not sensitive to low values of pro-
liferation and migration. For high proliferation and migration
rates, however, the model predicts a reduced efficacy of the
combinatorial treatment, which depends mostly on cancer cell
proliferation rather than migration.

Discussion

In this study, we have developed a mathematical framework
for cancer immunotherapy outcome, accounting for resistance
mechanisms mediated by abnormalities in the TME. The model
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incorporates complex interactions among several types of cancer
cells, immune cells, and endothelial cells known to play crucial
roles in tumor progression and response to immunotherapy, as
well as molecules involved in tumor angiogenesis and anti-
angiogenic treatment—processes that have been shown to be
modulated by ICB therapy. Our model advances previous studies
in that it directly incorporates the effects of immunotherapy on
cancer cells as well as on the tumor stroma and vasculature.
Specifically, it accounts for M1-like and M2-like TAMs; CD4™,
CD8", and Treg cells; and vascular and perivascular cells, along
with many of their reported interactions on immunotherapy re-
sponse. Furthermore, the model takes into account the de-
pendence of blood vessel functionality on stroma components,
the concentration gradients of several proangiogenic molecules
(i.e., Angl, Ang2, PDGF-B, VEGF, and CXCL12), and the
vascular normalization effect of CD4* and CD8* T cells (Fig. 1).
Its increased sophistication is justified by the favorable agree-
ment of the model predictions with a large number of experi-
mental studies. It is clear from the model that immunotherapy
efficacy depends on tumor perfusion, and any method for im-
proving perfusion is likely to also enhance immunotherapy (Fig. 7).
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Effect of different doses of anti-VEGF treatment combined with different values of the source term of CD8" T cells to model immunotherapy for

sequential administration. Shown are phase diagrams for the effect of combinatorial treatment on functional vascular density (4), tumor oxygenation (B),
VEGF level (C), CD4* T cells (D), effector immune cells (NK and CD8* T cells) (E) , M1-like (F) and M2-like (G) TAMs, cancer cell population (H), and tumor
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x-axis, a value of 1 corresponds to the baseline value of source term of CD8* T cells (S/ Appendix, Table S1).

Our study is of particular importance because it proposes new
considerations for the use of treatments that normalize the
TME. Stroma normalization is beneficial in desmoplastic tumors
with abundant compressed vessels, whereas vascular normaliza-
tion should improve perfusion in tumors with hyperpermeable
vessels with open lumens (20). In tumors with both compressed
and leaky vessels, the two normalization strategies could be
combined to further enhance perfusion. For our theoretical
predictions to be implemented in the clinic, we would need to
identify the cause of hypoperfusion in each tumor, a challenging
task. Although we can make some broad statements (e.g., pan-
creatic ductal adenocarcinomas are desmoplastic), in many tu-
mors, such as breast cancers, the degree of desmoplasia is highly
variable from one tumor subtype to another and potentially from
the primary site to the metastatic site. In such cases, the state of
an individual tumor should be defined before the selection of an
appropriate strategy.

The recent finding that ICB treatment can normalize vessels
further encourages its combined use with anti-angiogenic drugs.
In fact, the successful recent phase III clinical study for the
combined use of the anti-PD-L1 antibody atezolizumab with the anti-
VEGFA antibody bevacizumab is consistent with this therapeutic
strategy in hepatocellular carcinoma patients (ClinicalTrials.gov
Identifier: NCT03434379) (55). The addition of atezolizumab to
bevacizumab plus chemotherapy significantly improved overall sur-
vival among patients with metastatic nonsquamous non-small-cell
lung cancer (56). Furthermore, combinatorial treatment of axitinib
with pembrolizumab (57) or with avelumab (58) in patients with

Mpekris et al.

advanced renal cell carcinoma increased progression free-
survival. Also, the effect of lenvatinib plus pembrolizumab is
being investigated in a randomized phase III clinical study, as it
was found that this treatment had antitumor activity in patients
with advanced recurrent endometrial cancer (59). However,
the benefit of anti-angiogenic drugs is time- and dose-dependent,
and identifying the normalization window of a tumor is chal-
lenging. Our model predictions are further validated by recent
clinical trials showing that combination treatment with a low
dose of an anti-angiogenic agent (regorafenib) with nivolumab
is superior to high doses in advanced gastric or colorectal
cancer (60). Our model suggests that administration of im-
munotherapy with anti-angiogenic treatment could protect
blood vessels from excessive pruning (49). However, the extent
of ICB-induced normalization is likely to vary with tumor type,
stage of disease, and location, and it might not even occur in
some tumor types. We should also emphasize that for the
results presented in Figs. 4-6, we modeled vascular normali-
zation considering only inhibition of VEGF. Normalization of
tumor blood vessels can be also achieved with the use of ty-
rosine kinase inhibitors (TKIs), which target other proangio-
genic pathways besides VEGF, such as PDGF receptors on
pericytes. Inhibiting pericytes, and thus vessel maturation,
would lessen the impact of any anti-VEGF effect and thus
interfere with ICB-induced normalization (61).

The identification of tumor perfusion as a key parameter for
the efficacy of immunotherapy also highlights the potential use
of perfusion measures as markers for immunotherapy prediction
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(62). To date, there are no universal predictive biomarkers for
ICBs. Biomarkers based on the expression of PD-L1, have been
proposed only for certain tumor types (63). However, some tu-
mors respond even when PD-L1 expression is low, and others do
not respond even when PD-L1 expression is elevated. In addi-
tion, a clinical study found that anti-CTLA-4 immunotherapy
does not deplete regulatory T cells (64). Tumor types might have
a significantly different immunologic background, and thus the
identification of common predictive markers based on molecular

information is extremely challenging (7). On the other hand,
tumor perfusion can be measured in patients and should be
tested as a biomarker in prospective trials.

Our model has certain limitations, including the fact that it
accounts only for a subset of immune cells of the TME (NK cells,
CD8"/CD4™ T cells, Tregs, M1/M2-like TAMs) and for a subset
of angiogenic molecules (Angl, Ang2, PDGF-B, VEGF, and
CXCL12). Other types of immune cells involved in the cancer-
immunity cycle (e.g., dendritic cells) and other molecules (e.g.,
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Fig. 6. Spatial distribution of the values of model parameters: solid stress (A), functionalvascular density (B), hypoxia fraction (C), ratio of CD8* T cells to Tregs
(D), ratio of M1-like to M2-like TAMs (E), cancer cell population (F) for untreated tumors and tumors receiving immunotherapy alone or combined with a

normalization treatment.
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hypoxia-inducible factor 1, transforming growth factor [TGF-f],
and interleukins) that influence treatment outcome (3) are not
considered. In particular, TGF-f, which is a target molecule of
stroma normalization, can affect immunotherapy through many
mechanisms, such as the intratumoral distribution of T cells
(18, 65). Indeed, stroma-normalizing mechanotherapeutic drugs
might have the capacity to directly act on immune and endo-
thelial cells (66-68). Another process not included in the model
is the delivery of ICB antibodies from the bloodstream into the
tumor; instead, we model their activity, the lack of dependence
of T-cell infiltration from VEGF levels, and the repulsion of
T cells from cancer cells via CXCR4 signaling, and we assume
that migration rates of T cells do not depend on oxygen levels.
High VEGF levels reduce the expression of adhesion molecules
in the endothelial cell lining of the tumor vessel walls, which
limits the ability of T cells to adhere and infiltrate into the tumor
(1, 69), and T cells move faster under normal tissue oxygenation.
In addition, the production of VEGF from stroma cells (i.e.,
fibroblasts and immune cells) is not included (70). Furthermore,
the model does not account for adhesion and extravasation of
T cells, or the fact that IFNy, apart from normalizing the
vessel wall, can also cause vessel pruning (71, 72). We also did
not include lymphatic vessels, which play an important role in
the immune response (1). Finally, calculating a partial rank
correlation coefficient for the sensitivity of the solution to
various model parameters can potentially improve the fidelity
of the model when individual simulations can be run much
faster than currently feasible (~24 h per simulation; SI Ap-
pendix) (44, 73).

Nevertheless, the model is relatively comprehensive and
reproduces complex, rich behaviors. It includes a large number
of parameters associated with the interactions of cancer, im-
mune, and endothelial cells and angiogenic molecules, as well
as physiological and mechanical tumor properties (SI Appen-
dix, Table S1). Baseline values of the model parameters were
determined independently using data from the literature.
Accordingly, model predictions are in good qualitative agree-
ment with a large set of independent experimental data and
could serve as a foundation for further experimental studies
to examine the link between normalization treatments and
immunotherapy.
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Materials and Methods

Description of the Mathematical Model. A schematic of the tumor components
incorporated into the model and their interrelations is provided in Fig. 1, and
a detailed presentation of the model equations and assumptions is given in
SI Appendix. The model accounts for three types of cancer cells: cancer cells
(CCs), stem-like cancer cells (CSCs), and induced cancer cells (ICCs). It also
includes cells of the immune system, including TAMs and the tumor vascu-
lature, as described in Fig. 1 and detailed in S/ Appendix. In our model, tu-
mor growth is determined by the combined proliferation of all cancer cells.
The population balance of CCs, CSCs, and ICCs depends on tumor perfusion
and oxygenation. The proliferation rate of CCs increases with increasing
oxygen level, while the proliferation rates of CSCs and ICCs increase under
hypoxic conditions (41, 74). Other events that determine the population of
cancer cells are their killing by effector immune cells and M1-like TAMs (47,
75) and the interconversion among CCs, CSCs, and ICSs.

Proliferation of all cancer cells leads to a decrease in vessel diameter due to
compression of tumor vessels (21). The functional vascular density depends
on the hyperpermeability of blood vessels, the compression of blood vessels by
cancer cells and solid stress levels, and the density of endothelial cells.
According to previous experimental findings, IFNy concentration affects vessel
permeability; specifically, elimination of immune CD4* T cells and CD8" T cells
leads to a decrease in IFNy, which in turn increases vessel wall pore size and
vessel permeability by fivefold (42, 76). Endothelial cell concentration depends
on levels of tumor angiogenic factors. Several molecules have been shown to
affect the tumor vasculature, including Ang1 and Ang2, PDGF-B, VEGF, and
CXCL12. The common feature of all these proteins is that they are over-
produced under hypoxic conditions. Ang1 is produced by pericytes, while
Ang2 is produced mainly by endothelial cells, and the two have competing
effects: Ang1 and PDGF-B have been shown to stabilize endothelial cells,
producing mature vessels, while Ang2 has the opposite effect, destabilizing
endothelial cells, favoring angiogenesis (77, 78). The effects of Ang1 and Ang2
are context-dependent (79, 80). VEGF and CXCL12 are produced mainly by
tumor cells, and they coordinate endothelial cell migration and angiogenesis
(81). Furthermore, in our model we account indirectly for stroma normaliza-
tion via targeting of CXCL12/CXCR4 signaling, which results in decreases of
stroma components and thus tumor softening. According to previous studies
(28, 29, 53), a dense tumor stroma is associated with high values of elastic
modulus and solid stress levels that reduce functional vascular density (82),
whereas reduction of stroma decreases the values of the elastic modulus.

We further account for four different types of immune cells: CD4* T cells,
immune effector cells (i.e., NK cells, CD8" T cells), and Tregs. 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 (41, 75). Furthermore, we account for two different types of TAMs,
M1-like and M2-like, whose production rates are associated with oxygen
levels, with a decrease in hypoxia skewing TAM polarization away from the
M2-like to the M1-like phenotype (33-35). In addition, VEGF overexpression
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is correlated with higher numbers of M2-like TAMs (33). M2-like TAMs have
been reported to inhibit the number of immune effector cells (NK cells and
CD8" T cells) (39). Transport of oxygen is described by the convection-
diffusion reaction equation, and diffusion is the dominant mode of trans-
port for oxygen (82, 83).

Additional details about the model are provided in S/ Appendlix.

Data availability. All data supporting the findings of this study are available in
the paper and SI Appendix.
Code availability. The COMSOL code is available in SI Appendix.
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