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Vascular regulation of antitumor immunity
Improving vascular function provides opportunities to enhance immunotherapy
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signaling, endothelial cell metabolism, and
oxygen sensors (4). Other strategies that can
induce vessel normalization—either directly
or indirectly—include restoring perivascular
nitric oxide gradients, some chemotherapeutics such as eribulin, and aerobic exercise.
Notably, two recent studies showed that ICBs
can normalize tumor vessels in breast cancer
models in mice (8, 9), which is intriguing because it implies that T cells can directly affect
vascular function. These studies showed that
the increased vessel perfusion by ICB is positively correlated with its efficacy (9). Future
efforts will determine whether these agents
can be combined with particular ICBs in specific cancer types.
Physical forces generated by cells and the
extracellular matrix (ECM) in tumors can
also impair the function of blood and lymphatic vessels through compression (4). This
is particularly the case in desmoplastic tumors, which are characterized by excessive
fibrosis and activated stroma [e.g., pancreatic
ductal adenocarcinoma (PDAC) and triplenegative breast cancer] and which generally
have abundant carcinoma-associated fibroblasts (CAFs) and ECM. Killing cells with
cytotoxic agents or depleting specific ECM
components by using enzyme-based drugs
can reopen these vessels. However, as cancer
cells become resistant to cytotoxic agents and
begin to proliferate, vessels collapse again.
Similarly, enzymes that target a single ECM
component (e.g., hyaluronan), become ineffective when other ECM components (e.g.,
collagen I) begin to contribute to compressive forces.
Agents that reprogram CAFs so that they
stop producing multiple ECM components
can overcome this compression. For example,
angiotensin system inhibitors (ASIs) are a
class of molecules commonly used to treat
hypertension that also reprogram CAFs and
have been shown to improve the function of
tumor vessels as well as the delivery and efficacy of various therapeutics (10). Moreover,
these widely used drugs can activate both
innate and adaptive antitumor immune responses in mouse models and patients (10).
On the basis of a successful phase II clinical
trial, this approach is now being tested in a
randomized clinical trial in patients with
locally advanced PDAC (NCT03563248).
Because ASIs can cause hypotension, new
formulations are needed to lower the systemic exposure of these drugs. Recently,
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mmunotherapy with immune checkpoint
blockers (ICBs) has revolutionized cancer
treatment. Unfortunately, ICB therapy
usually benefits <15% of patients and
causes immune-related adverse events
in a substantial number of patients. Another immunotherapy—engineered chimeric
antigen receptor (CAR) T cells that specifically target tumor-associated antigens—has
transformed the treatment of multiple hematological cancers and exhibited therapeutic potential in solid tumors. Emerging data
show that the function of blood vessels associated with tumors is critical in the response
to these immunotherapies (1, 2).
The vasculature in tumors is abnormal,
which impairs blood flow and limits the delivery of oxygen, nutrients, and therapeutics,
including antibodies and immune cells (3)
(see the figure). The resulting hypoxia (low
oxygen concentration) and low pH can in
turn induce the production of immunosuppressive molecules, such as transforming
growth factor–b (TGFb), vascular endothelial
growth factor (VEGF), and adenosine in the
tumor microenvironment (TME). Some of
these molecules lower the expression of adhesion molecules on tumor vascular endothelium, the lining of vessel walls that normally
supports immune cell adhesion and transmigration into tissues. Reducing the expression
of adhesion molecules therefore interferes
with the ability of immune cells to adhere to
and migrate across the vessel wall, preventing their entry into the tumor.
In addition, pro-angiogenic molecules produced by cancer, stromal, and immune cells
up-regulate Fas ligand on endothelial cells
and thereby induce the apoptosis of infiltrating immune cells. VEGF can hinder maturation of dendritic cells (DCs), which are needed
to present tumor-associated antigens and
activate effector immune cells. Furthermore,
hypoxia directly up-regulates the expression
of immune checkpoint molecules [e.g., programmed cell death protein ligand 1 (PD-L1)],
which suppress effector T cell activation, on
various cells in the TME, including myeloidderived suppressor cells (MDSCs) and DCs.

Hypoxia also promotes the recruitment of immunosuppressive regulatory T lymphocytes
(Treg cells) and reprograms tumor-associated
macrophages (TAMs) from an antitumor to a
protumor phenotype. Notably, the immunosuppressive molecules generated in the TME
can enter the circulation and cause systemic
immunosuppression.
Given the consequences of malfunctioning
blood vessels, multiple therapeutic strategies
to improve the function of the tumor vasculature have been developed (4). Because excess
VEGF contributes to vascular abnormalities,
it was proposed that the judicious use of antiVEGF agents could normalize tumor vessels
and thereby improve oxygenation and drug
delivery. This was supported by experiments
showing that low-dose anti–VEGF receptor 2
(VEGFR2) treatment enhances trafficking of
immune cells to tumors, reprograms TAMs
to an antitumor phenotype, and improves
outcomes of vaccine therapy in mouse breast
cancer models (5). A number of preclinical
studies have now shown the benefit of combining anti-VEGF agents with various immunotherapies, including ICBs and adoptively
transferred engineered CAR T cells (3).
Anti-VEGF–induced vascular normalization is transient, which limits efficacy. Thus,
a number of strategies are emerging to extend the window of normalization. One such
strategy is to target angiopoietin-2 (ANG-2),
which begins to increase toward the end of
the normalization window. Importantly, dual
blockade of VEGF and ANG-2 prolonged
the duration of normalization and survival
in a number of mouse tumor models, compared with inhibiting either molecule alone.
Relevant for immunotherapies, VEGF and
ANG-2 dual targeting reprogrammed TAMs
to an antitumor phenotype (6) and enhanced
tumor response to ICBs (7). Furthermore,
circulating ANG-2 concentrations are initially elevated or increase in melanoma patients with an unfavorable response to ICBs.
Moreover, blood ANG-2 concentrations inversely correlate with response to ICBs with
or without anti-VEGF therapy in melanoma
patients (3), providing additional rationale
for VEGF and ANG-2 dual inhibition.
A number of other agents that target endothelial cells and/or pericytes, which support the structure and function of blood
vessels, have been shown to transiently normalize tumor vessels. These targets include
the receptor tyrosine kinase TIE-2, Notch
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