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Solid tumors consist of cancer cells and stromal cells, including resident and transiting
immune cells—all ensconced in an extracellular matrix (ECM)—nourished by blood
vessels and drained by lymphatic vessels. The microenvironment constituents are abnormal
and heterogeneous in morphology, phenotype, and physiology. Such irregularities include
an inefficient tumor vascular network comprised of leaky and compressed vessels, which
impair blood flow and oxygen delivery. Low oxygenation in certain tumor regions—or focal
hypoxia—is a mediator of cancer progression, metastasis, immunosuppression, and treat-
ment resistance. Thus, repairing an abnormal and heterogeneous microenvironment—and
hypoxia in particular—can significantly improve treatments of solid tumors. Here, we sum-
marize two strategies to reengineer the tumor microenvironment (TME)—vessel normaliza-
tion and decompression—that can alleviate hypoxia. In addition, we discuss how these two
strategies alone and in combination with each other—or other therapeutic strategies—may
overcome the challenges posed by cancer heterogeneity.

Organs are composed of parenchyma, which
is the tissue component that serves the or-

gan’s main function, and stroma, which is the
other component that structurally and func-
tionally supports the parenchyma. Cancer cells
arise from oncogenic mutations in the DNA of
either parenchymal or stromal cells. As these
malignant cells proliferate, they recruit nearby
nonmalignant cells into collaborative processes
to foster a microenvironment conductive for
local growth and metastasis to distant organs.
This collection of cancer cells interacting with
host cells forms an abnormal organ-like struc-

ture (Fig. 1A) in which cancer cells are paren-
chyma and the microenvironment is stroma.

Cancer cells, with diverse and interacting
subpopulations (Marusyk et al. 2014; Tabassum
and Polyak 2015), are heterogeneous at multiple
levels: between patients, but also within a single
tumor, and between primary tumors and their
metastases (Naxerova et al. 2014; Naxerova and
Jain 2015). Cancer cells recruit endothelial cells
(ECs), fibroblasts, and immune cells as stromal
elements, and these stromal constituents are
also morphologically, phenotypically, and func-
tionally heterogeneous (Hida et al. 2004; Sugi-
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moto et al. 2006; Movahedi et al. 2008; Palumbo
et al. 2015). Furthermore, the interaction be-
tween cancer and stromal cells stimulates the
production of abnormal vasculature (Fuku-
mura et al. 1998; Jain 2014), fibrotic tissue
(Apte et al. 2004; Bailey et al. 2008), and im-
mune factors (Lin et al. 2001; Robinson et al.
2003), without promoting the maturation of
these components. These processes collaborate
to foster an abnormal vascular network charac-

terized by leaky and compressed blood and lym-
phatic vessels, which lead to creation of hypoxic
regions in the tumors (Jain 2014).

In healthy tissue, vessels are uniformly dis-
tributed by distances determined by the ability
of each vessel to supply oxygen and nutrients to
its surrounding volume of tissue (Baish et al.
2011). In tumors, leakiness and compression
of vessels leave large volumes of tissue without
blood flow (Baish et al. 2011; Stylianopoulos
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Figure 1. Solid tumors are composed of not only malignant tumor cells but also abnormal stroma resultant from
dysregulated angiogenesis, desmoplasia, and inflammation. (A) Cancer cells coopt nonmalignant host cells,
including fibroblasts, a variety of immune cells, and blood and lymphatic vascular cells embedded in a densely
packed extracellular matrix (ECM) with a harsh molecular, metabolic, and physical microenvironment that
supports tumor progression and resists therapy and host immune response. (From Jain 2013; adapted, with
permission, from the author.) (B) Activated and dysregulated angiogenesis, desmoplasia, and inflammation,
which result from an imbalance of positive and negative regulators of these processes, are responsible for the
heterogeneous tumor microenvironment (TME). Primary stimulators of angiogenesis, desmoplasia, and in-
flammation include vascular endothelial growth factor (VEGF), transforming growth factor b1 (TGF-b1), and
certain interleukins (e.g., IL-4), respectively. Primary regulators of angiogenesis, desmoplasia, and inflamma-
tion include thrombospondins (TSPs), vitamin D receptor (VDR), and CD40 (a member of tumor necrosis
factor receptor superfamily), respectively. (Images based on data from Huang et al. 2012 and Incio et al. 2015.)
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and Jain 2013). As a result, most tumors have
hypoxic regions. Hypoxia promotes abnormal
angiogenesis (Pugh and Ratcliffe 2003), desmo-
plasia (Spivak-Kroizman et al. 2013), and in-
flammation (Facciabene et al. 2011)—all con-
tributing to tumor progression and treatment
resistance (Jain 2014; Whatcott et al. 2015b).
Thus, once an abnormal vasculature develops
(see online Movie 1 at www.cshperspectives
.cshlp.org) and leads to a hypoxic microenvi-
ronment, a vicious cycle promoting cancer pro-
gression and heterogeneity sets in. Our hypoth-
esis is that repairing these two abnormalities of
tumor vessels—leakiness and compression—
will alleviate hypoxia, thereby exiting the vi-
cious cycle contributing to the tumor heteroge-
neity, delaying progression, and improving
treatment outcomes for cancer patients.

TUMOR MICROENVIRONMENT

Abnormal Cellular Components

Cancer cells reside in and orchestrate their ab-
normal microenvironment (Fig. 1A). They har-
bor mutations that enable them to initiate and
drive tumor progression. Furthermore, cancer
cells are genetically, epigenetically, and pheno-
typically diverse, with subclonal populations
even within a single tumor (Tabassum and Pol-
yak 2015). As a consequence, different regions
within a tumor feature unique levels of dif-
ferentiation, proliferation, vascularity, inflam-
mation, immunosuppression, and invasiveness.
These subpopulations interact, as minor sub-
populations can drive the proliferation of
subpopulations with rapid growing potential,
promoting both disease progression and com-
petition (Marusyk et al. 2014). These genetic
differences between cancer cell subpopulations
within a single tumor might reduce the efficacy
of targeted therapies (Bedard et al. 2013), which
may only be active against limited subpopu-
lations, and these subpopulations may not be
accessible to blood-borne therapies because of
heterogeneous blood flow.

Adding to the heterogeneity of cancer cells,
signals from stromal cells and extracellular ma-
trix (ECM) components can also promote and

maintain cancer stem/stem-like cells (CSCs)
(Lu et al. 2012; Chanmee et al. 2014; Chen
et al. 2014a; Whatcott et al. 2015b). CSCs rep-
resent a population of cancer cells thought to be
responsible for tumor initiation and progres-
sion (Magee et al. 2012). CSCs can also differ-
entiate through hypoxia-mediated mechanisms
into cells that may serve the same functions as
coopted host cells, such as ECs and cancer-
associated fibroblasts (CAFs) (Ricci-Vitiani
et al. 2010; Wang et al. 2010; Soda et al. 2011).

ECs line the luminal surface of blood vessels,
and typically are quiescent except during devel-
opment, wound healing, and disease (Carmeliet
and Jain 2011a). Quiescent ECs in tumors are
activated by angiogenic factors such as vascular
endothelial growth factor (VEGF) produced by
hypoxic cancer and stroma cells (Shweiki et al.
1992), resulting in sprouting angiogenesis (Ger-
hardt et al. 2003), which is the process through
which new vessels are formed from existing ves-
sels. In tumors, signaling is tipped in favor of
proangiogenic signaling at the expense of anti-
angiogenic and vessel maturing factors such as
thrombospondins, resulting in abnormalities in
tumor vasculature (Fig. 1B). Angiogenic intra-
tumoral ECs have distinctive gene expression
profiles and luminal cell-surface receptors com-
pared with quiescent cells (Croix et al. 2000).
The morphology of tumor ECs is abnormal—
irregular and disorganized. They have weaker
interendothelial junctions and more “transen-
dothelial channels”—vesiculo–vascular organ-
elles—structural substrates of increased vessel
leakiness (Goel et al. 2011). Lymphatic ECs
line the luminal surface of lymphatic vessels,
which drain excess fluid from tissues (Alitalo
2011; Kesler et al. 2013; Padera et al. 2016). In
tumors, normal cell-surface markers of lym-
phatic ECs are expressed in both blood and lym-
phatic vessels, underscoring the abnormality of
these cells (Padera et al. 2002; Jain 2014).

Perivascular cells, such as pericytes and vas-
cular smooth muscle cells, support the struc-
ture, quiescence, and function of ECs in normal
tissues through physical interaction and para-
crine/juxtacrine signaling (Carmeliet and Jain
2011a). Pericytes have finger-like structures that
wrap around vessels and share with ECs the
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basement membrane that anchors vessels (Jain
2003). However, in tumors, pericytes are abnor-
mally shaped and loosely attached to ECs, if not
altogether absent (Goel et al. 2011). Indeed, the
detachment of perivascular cells is a prerequisite
for angiogenesis. Once angiogenesis is initiated,
these cells in turn support angiogenesis, guide
EC sprouting, and sensitize activated ECs to
angiogenic stimuli (Raza et al. 2010).

There is a significant population of CAFs
and/or stellate cells (a type of stromal cell),
depending on the host organ, that produce
and maintain the ECM, which supports the
epithelial tissue in carcinomas (Ronnov-Jessen
et al. 1996; Tlsty and Coussens 2006; Whatcott
et al. 2015b). These cells are activated as a result
of an imbalance of pro- and antifibrotic signal-
ing (Fig. 1B). For example, fibroblasts can be
activated through transforming growth factor
b1 (TGF-b1) signaling, whereas hepatic and
pancreatic stellate cells (HSCs and PSCs) can
become quiescent via vitamin D receptor
(VDR) stimulation or angiotensin-II-recep-
tor-1 blockade (Chauhan et al. 2013; Ding
et al. 2013; Sherman et al. 2014). The increased
activity/proliferation of these cells in tumors
produces a desmoplastic reaction rich in colla-
gen fibers, hyaluronan, and other ECM mole-
cules (Ohlund et al. 2014). The cross talk
between cancer cells, HSCs/PSCs/CAFs and
other cells of the tumor microenvironment
(TME) regulates the expression of cytokines
and exosomes that promote desmoplasia, can-
cer cell proliferation and stemness, angiogene-
sis, inflammation/immunosuppression, inva-
sion, and metastasis (Erez et al. 2010; Kraman
et al. 2010; Chen et al. 2014a; Haqq et al. 2014;
Ohlund et al. 2014; Albrengues et al. 2015).
There is a large diversity in the origin, pheno-
type, and function of CAFs (Ohlund et al. 2014;
Ishii et al. 2015; Singhal et al. 2016). Recent stud-
ies have identified CAF subpopulations that
promote tumor progression via multiple mech-
anisms and whose presence in tumors correlates
with a poor outcome in cancer patients (Al-
brengues et al. 2014; Haqq et al. 2014; Scherz-
Shouval et al. 2014).

Immune cells participate in two systems of
immune response: innate and adaptive. The in-

nate response, of which macrophages in the
tumor are particularly important, is nonspecific
and defends the host from infection. Resident
macrophages originate during embryonic de-
velopment and proliferate locally in the host
tissues, whereas macrophages recruited from
the circulation differentiate from myeloid pre-
cursor cells. Macrophages recruit other innate
immune cells to clear waste and debris from
dead cells and activate the adaptive response.
These cells act in concert with physical barriers
to pathogens. Dendritic cells act in both systems
as early phagocytic cells and major antigen-pre-
senting cells. The adaptive immune response
featuring T and B lymphocytes recognizes for-
eign pathogens, generates a specific response to
eliminate a given pathogen, and develops mem-
ory to quickly respond to the pathogen in the
future.

The cells of the adaptive immune response
can promote the recruitment of innate response
cells to support or inhibit tumor progression
depending on cues from the TME (DeNardo
et al. 2010). Indeed, macrophages are plastic,
as when they are exposed to cytokines in the
TME they support tumor progression, whereas
other stimuli induce them to attack the tumor
(Coussens et al. 2013). In contrast to normal
tissues, in which inflammation resolves itself,
the balance of stimuli is tipped in favor of in-
flammation and immune suppression (Fig. 1B).
One such protumor stimulus are certain inter-
leukins such as IL-4, which promotes a pro-
tumor macrophage phenotype (DeNardo et al.
2009, 2011; Incio et al. 2016a), whereas agonism
of the immune stimulatory receptor CD40
(Beatty et al. 2011) can induce an antitumor
macrophage phenotype. TGF-b1, which was
discussed above as a profibrosis factor, also sup-
presses antitumor immune response (Wrzesin-
ski et al. 2007; Pickup et al. 2013; Papageorgis
and Stylianopoulos 2015). The cells of the in-
nate immune response involved in wound heal-
ing express mitogenic, angiogenic, and stromal
growth factors, as well as matrix remodeling
enzymes, underscoring the interrelationship
between inflammation, angiogenesis, and des-
moplasia (Mantovani 2010; Incio et al. 2016b).
The collaboration of the cellular components to
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induce unchecked stimulation of inflammation,
angiogenesis, and desmoplasia converges at the
tumor vasculature, which becomes morpholog-
ically, phenotypically, and physiologically het-
erogeneous.

Abnormal Vessels and Intratumoral Pressure

In normal organs, blood vessels supply tissues
with oxygen and nutrients, whereas lymphatic
vessels drain excess interstitial fluid. Blood flows
to tissues through arteries, which branch within
tissues into smaller order arterioles until be-
coming capillaries, and then converging to larg-
er order venules, and, finally, returning through
veins to the heart. Capillaries are the smallest
size vessels and comprise the majority of blood
vessels in the body. The capillary wall is where
the exchange between blood and tissues takes
place. Capillaries are often straight and parallel
vessels with uniform spacing, such that tissue is
evenly supplied with oxygen. The uniform ge-
ometry and topology of capillaries are assump-
tions of the Krogh model, which describes ox-
ygen transport down the length and along the
radii of normal capillaries out to the surround-
ing tissue. As the tumor microvessels are tortu-
ous and irregularly spaced, they do not match
the assumptions of the Krogh model and leave
some regions inadequately supplied with oxy-
gen (Jain 1988; Baish et al. 2011).

Tumor vessels are heterogeneous (Nagy
et al. 2010), and many are hyperpermeable
(Fig. 2A) (Yuan et al. 1994; Nagy et al. 2008;
Chauhan et al. 2012). In their walls, there are
interendothelial openings and transendothelial
channels, resulting in a wide range of pore sizes
(Hobbs et al. 1998; Hashizume et al. 2000). The
hyperpermeability of tumor vessels allows plas-
ma to flow to the interstitial space, thereby in-
creasing the hematocrit and making blood in
vessels more viscous, which reduces vascular
perfusion (Jain 1988; Sevick and Jain 1989;
Netti et al. 1996). Moreover, lymphatic vessels
are compressed and not functional in tumors,
so the excess plasma proteins and fluid in the
interstitial space cannot be drained. As a result,
in contrast to most normal tissues, the intersti-
tial fluid pressure (IFP) is elevated inside solid

tumors, and then it drops precipitously at the
tumor periphery or surrounding normal tissue
(Jain et al. 2007). In fact, because of the lack
of permselectivity of tumor vessels, the micro-
vascular pressure (MVP) and IFP are approxi-
mately equal (Boucher and Jain 1992). Thus,
the transvascular pressure gradient is close
to zero, which diminishes the bulk transport
of blood-borne molecules from the blood
into the interstitium (Boucher et al. 1990; Bou-
cher and Jain 1992). Furthermore, the com-
munication between vascular and interstitial
fluid reduces intravascular blood flow by elim-
inating the pressure drop along the length of
the vessel and shuts off downstream vessels
(Netti et al. 1996; Baish et al. 1997). Thus, vessel
leakiness reduces the function of vessels by
reducing blood flow via two mechanisms
and abrogating bulk transport across the vessel
wall and through the interstitium. As a result,
leaky vessels supply a smaller volume of tissue
with nutrients and drugs than normal vessels
(Fig. 2B).

Vascular compression is a phenomenon un-
related to leakiness (Fig. 2C), and is thought to
result from solid stress buildup within the TME
(Jain 1988). IFP has been ruled out as a cause of
vessel collapse when IFP was discovered to be
driven by MVP (Boucher and Jain 1992). In
vivo studies showing that killing proliferating
cells in tumors could decompress vessels (Grif-
fon-Etienne et al. 1999; Padera et al. 2004) in-
dicated that solid tumor components play a key
role in vascular collapse. More direct evidence
came from ex vivo measurements in freshly
excised mouse and patient tumors (see online
Movie 2 at www.cshperspectives.cshlp.org),
which confirmed the presence of residual solid
stress (Stylianopoulos et al. 2012). These data
showed that cancer cells and fibroblasts generate
stress—presumably through proliferation and
contraction forces (Orimo et al. 2005; Zlotek-
Zlotkiewicz et al. 2015). They also showed that
solid stress is stored as strain energy in the ECM,
of which collagen fibers and hyaluronan col-
laborate to transmit the strain energy as solid
stress to compress blood and lymphatic vessels
(Stylianopoulos et al. 2012, 2013; Chauhan
et al. 2013; Jain et al. 2014).
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Figure 2. Cancer cells promote angiogenesis, desmoplasia, and inflammation unchecked, which induces a
vicious cycle, as the heterogeneous tumor microenvironment (TME), containing leaky and compressed vessels
and characterized by hypoxia and acidosis, promotes disease progression. (A) 90-nm liposomes readily extra-
vasate from leaky tumor vessels. Note that the liposomes’ extravasation and, thus, the pores at the vessels’ walls
are heterogeneously distributed. Scale bar, 100 mm. (Image from Yuan et al. 1994; adapted, with permission,
from the authors.) (B) This schematic’s left panel depicts a fortified vessel, which is depicted with an intact
perivascular layer, supplying a larger volume of tissue with hypoxia (pink) than the immature vessel in the right
panel, which is depicted with a disrupted perivascular layer. Arrows depict lengths of efficient oxygen diffusion
radially from the vessel. (C) Most vessels (red) in this collagen-rich (blue) tumor lack blood flow (green). Note
that few vessels have an open lumen. The compression indicates the presence of elevated solid stress. Scale bar,
100 mm. (Image adapted from data in Chauhan et al. 2012.) (D) This schematic’s left panel depicts a perfused
tumor region, which has immature tumor vessels closely spaced. The right panel shows a hypoperfused tumor
region, as a large volume of tissue lacks a vessel with blood flow. (E) Vascular normalization and solid stress
alleviation can break the vicious cycle of abnormal stroma and hypoxia leading to disease progression and
treatment resistance.
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Besides collapsing intratumor vessels, solid
stress compresses malignant cells (Butcher et al.
2009; Tse et al. 2012) and surrounding normal
cells (Fernández-Sánchez et al. 2015), thereby
activating aberrant mechanical signaling path-
ways and invasive phenotypes. Meanwhile,
nearby vessels are also compressed, resulting in
poor and heterogeneous tissue perfusion and,
thus, hypoxia in and around tumors (Hagen-
doorn et al. 2006). Together, these factors facil-
itate tumor progression. Solid stress deforms
vessels differentially with respect to their intra-
tumoral location, with central vessels being
compressed isotropically and peripheral vessels
compressed radially yet stretched circumferen-
tially with respect to the tumor (Stylianopoulos
et al. 2013). Furthermore, individual vessels are
compressed anisotropically. Vessels are buckled
radially, which reduces their radius, yet solid
stress does not deform vessels axially and, as a
result, does not contribute to angiogenesis-in-
duced vessel tortuosity (MacLaurin et al. 2012).
In desmoplastic tumors particularly, this buck-
ling results in the collapse of a majority of vessels
(Padera et al. 2004; Chauhan et al. 2013; Jaco-
betz et al. 2013). Consequently, there are hypo-
perfused tumor regions lacking perfused vessels
regardless of the presence of vessels (Fig. 2D).
Furthermore, as explained above, compressed
lymphatic vessels are nonfunctional leading to
elevated IFP (Padera et al. 2002). Even in func-
tional vessels, compression reduces flow, which
is inversely proportional to vessel radius to the
fourth power (Jain 1988). In summary, vessel
compression, in which collagen I and hyalu-
ronan play important roles, results in reduced
blood flow and large tumor regions without per-
fused vessels.

Abnormal Extracellular Matrix

ECM—produced in excess by CAFs, other stro-
mal cells, and cancer cells—structurally sup-
ports the TME and communicates with cancer
cells through molecular and mechanical inter-
actions (Lu et al. 2012; Tung et al. 2015). Dense
ECM and fibrosis might play a role in tumor
initiation, as collagen density in the breast
(Boyd et al. 2007) and fibrosis in the liver (El-

sharkawy and Mann 2007) and pancreas (Lo-
wenfels et al. 1993) are independent risk factors
of cancer in these organs. Besides initiation, the
content, organization and biomechanical prop-
erties of the ECM contribute to tumor progres-
sion. Generally, hyaluronan-rich tumors have a
worse prognosis (Ropponen et al. 1998; Ioa-
chim et al. 2002; Auvinen et al. 2013; Whatcott
et al. 2015a). Like hyaluronan, collagen has
prognostic value. Worse patient outcome is as-
sociated with fibrillar collagen alignment in
breast cancer (Conklin et al. 2011; Bredfeldt
et al. 2014), and elongated collagen fibers in
patients with head and neck, colorectal, and
esophageal cancers (Hanley et al. 2016). Exper-
imental studies have shown that the organiza-
tion and stiffening of the collagen fibers by
CAFs facilitates cancer cell invasion (Gaggioli
et al. 2007; Goetz et al. 2011). Because of the
increased accumulation of collagen and other
ECM molecules, many tumors are stiffer than
normal tissue. For example, the average stiffness
of breast cancer lesions (elastic modulus E �
4000 Pa) is one order of magnitude higher
than normal breast (E � 200 Pa) (Samani
et al. 2007). In vitro, stiffer matrices of colla-
gen-coated polyacrylamide gels increase che-
moresistance (Zustiak et al. 2014). In patients,
elastography measurements suggest that stiff-
ness is inversely correlated to response to che-
motherapy (Hayashi et al. 2012; Evans et al.
2013). Thus, ECM levels and organization are
likely important in tumor initiation, progres-
sion, and resistance to therapy.

Besides providing signaling cues for cancer
cell invasion and metastasis (Hynes 2009; Goetz
et al. 2011; Albrengues et al. 2014), the ECM
promotes heterogeneity in the tumor mechan-
ical microenvironment (Jain et al. 2014). The
stiff ECM in tumors (Netti et al. 2000; Samani
et al. 2007; Giussani et al. 2015) affects cellular
behavior (DuFort et al. 2011; Tung et al. 2015)
and amplifies solid stress magnitudes by in-
creasing the strain energy stored by force-gen-
erating intratumor cells (Stylianopoulos et al.
2012). Hyaluronan and other glycosaminogly-
cans in the matrix or glycocalyx (Paszek et al.
2014) resist intratumor radial and circumferen-
tial compression, which is a result of resistance
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to peripheral, circumferential tensile stress by
collagen fibers (Chauhan et al. 2013; Styliano-
poulos et al. 2013; Pirentis et al. 2015). Thus, the
mechanical properties of the ECM contribute to
heterogeneous solid stress distribution, thereby
dictating the morphology of compressed vessels
and oxygen concentrations (Stylianopoulos et
al. 2013; Mpekris et al. 2015).

Abnormal Metabolic Microenvironment

Organs regulate the concentration of oxygen
to support their function and survival, yet tu-
mors in general are hypoxic compared with
their host tissue because of abnormal vessels.
For example, in normal breast tissue, the medi-
an partial pressure of oxygen is 65 mmHg, but
in breast tumors, the median was ,10 mmHg,
which was less than the lowest measurement in
normal breast (Vaupel et al. 2007). Blood vessels
efficiently deliver oxygen and other nutrients to
cells, which maintain the structure and function
in healthy organs, but cancer cells’ rapid expan-
sion outgrows the host organ’s local blood sup-
ply. The inefficient tumor vasculature cannot
supply oxygen at a rate to match consumption.
As discussed above, the chaotic vasculature
leaves certain regions of tumor tissue without
functional vessels, whereas other vessels remain
poorly functional. Blood flow and hypoxia are
not only heterogeneous spatially but also tem-
porally. Thus, there are regions with chronic
hypoxia where oxygen cannot diffuse because
the regions are too far from the nearest func-
tional vessels, and acute hypoxia where blood
flow transiently shuts down leaving the tissue
volumes supplied by poorly perfused vessels
(Thomlinson and Gray 1955; Brown 1979). Be-
sides temporary stoppage and even reversal of
flow, the structural abnormalities of tumor ves-
sels affect the blood supply resulting in re-
duced oxygen concentrations radially and axial-
ly downstream (Jain 1988; Helmlinger et al.
1997). In other words, there are regions of hy-
poxia even in which there are perfused vessels
(Helmlinger et al. 1997). Macroscopically, the
periphery is generally well-oxygenated, whereas
the necrotic core and peri-necrotic area are hyp-
oxic (Chauhan et al. 2011).

Low extracellular pH is another hallmark
of solid tumors (Engin et al. 1995; Ward and
Thompson 2012). Hypoxia is one of several
mechanisms causing acidosis in the TME
(Chiche et al. 2010), including the production
of carbonic acid (Helmlinger et al. 2002). Can-
cer cells often promote inefficient glycolytic me-
tabolism (“Warburg effect,” aerobic glycolysis)
rather than oxidative phosphorylation in mito-
chondria (Vander Heiden et al. 2009). Glycolyt-
ic metabolism is an order of magnitude less
efficient than oxidative phosphorylation and as
a byproduct promotes acidosis, yet it is cancer
cells’ quickest means of producing energy. Ad-
ditionally, oxidative phosphorylation requires
more oxygen, and hypoxia, through hypoxia-
induced signaling, interrupts oxygen consump-
tion by mitochondria. Indeed, tumor metabo-
lism depends on substrate availability (Helm-
linger et al. 2002). Besides hypoxia, oncogenic
activation and inhibition of tumor-suppressor
genes also cause aerobic glycolysis by affect-
ing the expression of metabolic and glycolytic
enzymes as well as cell surface nutrient trans-
porters (Chiche et al. 2010). As a result, acidity
and hypoxia increase as distance to the nearest
vessel also increases (Martin and Jain 1994), yet
these radial profiles are not necessarily correlat-
ed when considering individual vessels (Helm-
linger et al. 1997), which suggests that tumor
acidity depends on both genetic and physio-
logical factors. In summary, the stimulation of
angiogenesis, desmoplasia, and inflammation
impairs the tumor vasculature, which in turn
makes the metabolic microenvironment abnor-
mal (Fig. 2E). In the next section, we will sum-
marize the mechanisms through which the
abnormal metabolic microenvironment pro-
motes disease progression.

HYPOXIA AND ACIDOSIS PROMOTE
TUMOR PROGRESSION

As summarized above, the interaction between
cancer cells, stromal cells, and the ECM leads to
vessel leakiness and compression, thereby im-
pairing vascular perfusion and producing an
abnormal metabolic microenvironment char-
acterized by focal hypoxia and acidosis. In this
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section, we will summarize the evidence that
hypoxia leads to poor outcomes in patients,
and the mechanisms by which this microenvi-
ronmental heterogeneity induces and stimu-
lates disease progression. We will also highlight
how these mechanisms of hypoxia-induced
progression also feed back into enhanced angio-
genesis, desmoplasia, and inflammation/im-
munosuppression and the ways in which these
three processes are interconnected (Fig. 2E).

Intratumoral Oxygenation as a Prognostic
Biomarker

Patients with more hypoxic tumors generally
have a worse outcome (Vaupel and Mayer
2014). The intratumoral measurements of the
partial pressure of oxygen using electrodes is
a prognostic biomarker in head and neck, soft
tissue sarcoma, prostate, and node-negative
cervical cancers (Brizel et al. 1996; Adam et al.
1999; Fyles et al. 2002; Movsas et al. 2002;
Nordsmark et al. 2005). Electrode measure-
ments are invasive and only possible in certain
tumor locations. As a result, histological analy-
sis of hypoxia in excised tissues using endoge-
nous markers and exogenous probes is the most
widely used technique. Indeed, several surro-
gate biomarkers of hypoxia (e.g., hypoxia-in-
ducible factor 1a [HIF-1a], HIF-2a, carbonic
anhydrase IX) have prognostic significance in
several cancer types (Kaanders et al. 2002; Bos
et al. 2003; Overgaard et al. 2005; Erler et al.
2006; Koukourakis et al. 2006; Evans et al.
2007; Tan et al. 2009; Yan et al. 2009; Buffa
et al. 2010; van Malenstein et al. 2010; Semenza
2014). Unfortunately, these surrogate markers
only weakly correlate with electrode measure-
ments of hypoxia (Hutchison et al. 2004; Mayer
et al. 2004; Lehmann et al. 2009). Regardless,
in most tumor types, hypoxia and surrogate
biomarkers of hypoxia can identify patients at
higher risk of tumor progression.

Hypoxia-Induced Heterogeneity as a Driver
of Tumor Progression

Intratumor genetic heterogeneity has been rec-
ognized as an important driver of cancer evolu-

tion and therapy resistance in recent years (Ma-
rusyk et al. 2012; Burrell et al. 2013). Genetic
heterogeneity in cancer comprises mutations
that inevitably arise during DNA replication in
all cells, as well as mutational signatures that
reflect specific insults to the genome, such as
DNA repair dysfunction or exposure to carcin-
ogens and other microenvironmental factors
(Alexandrov et al. 2013). Mutations that arise
inevitably may contain insight into the lineage
of a tumor (Naxerova et al. 2014). The insults to
the genome are factors through which the TME
shapes genetic diversity in a tumor (Kaufman
et al. 2016). One important such factor is hy-
poxia, which can reduce the expression of genes
governing DNA mismatch repair and homolo-
gous recombination pathways (Bindra et al.
2007), leading to genomic instability, particu-
larly in chronically hypoxic microenvironments
(Bristow and Hill 2008).

In addition, hypoxia promotes a number
of other mechanisms of resistance to cytotoxic
therapies, including radio-, chemo-, and immu-
notherapies (Neri and Supuran 2011; Wilson
and Hay 2011; Huang et al. 2012). It is worth
noting that hypoxia makes cancer cells more
sensitive to some chemotherapies; however, cy-
totoxic agents hardly reach hypoxic cells in ad-
equate concentration (Wilson and Hay 2011).

Hypoxia-induced signaling mediated by
HIF activity plays a role in several steps of the
metastatic cascade (Semenza 2012, 2014). To
metastasize, cancer cells must migrate within
and from the primary tumor, either as single
cells or multicellular clusters, a process facilitat-
ed by CAFs and myeloid cells (Gaggioli et al.
2007; Joyce and Pollard 2009; Duda et al.
2010). Hypoxia-mediated activation of HIF-
1a increases the activity of Snail and Twist,
two transcription factors that reduce the expres-
sion of E-cadherin and promote epithelial to
mesenchymal transition (EMT) (Philip et al.
2013). Interestingly, although EMT-related sig-
naling is not necessarily required for metastasis,
it promotes invasion, senescence, a cancer stem
cell-like phenotype, and resistance to chemo-
therapy (Thiery et al. 2009; Fischer et al. 2015;
Zheng et al. 2015). Hypoxia induction of HIF-
1a also regulates the expression of enzymes
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(e.g., lysyl oxidase, procollagen-lysine 2-oxoglu-
tarate 5-dioxygenases 1-3) that polymerize and
regulate the alignment of collagen fibers and
activity of integrins, thus facilitating cancer
cell migration (Erler and Giaccia 2006; Semenza
2014). Finally, the increase in vessel permeabil-
ity mediated by hypoxia-induced factors, such
as angiopoietin-2, VEGF, and angiopoietin-like
4, facilitates the passage of metastatic cancer
cells through the blood vessel wall in the lungs
(Semenza 2014).

In part, the CSC phenotype, which pro-
motes disease progression by mediating prima-
ry tumor growth, is regulated and maintained
by HIFs, metastasis, and resistance to therapy
(Li et al. 2009; Mohyeldin et al. 2010; Philip
et al. 2013; Semenza 2016). CSCs may reside
in perivascular or hypoxic niches (Bar 2011;
Lee and Simon 2012; Plaks et al. 2015). Some
perivascular niches could be hypoxic because
the blood carried by tumor vessels can contain
hemoglobin with low-oxygen saturation
(Helmlinger et al. 1997). Hypoxia can support
CSCs, whereas the perivascular location facili-
tates intravasation leading to metastasis. The
perivascular location may also allow activation
of the resident/dormant CSCs by ECs through
angiocrine factors (Calabrese et al. 2007; Butler
et al. 2010) and CSC differentiation into ECs
(Wang et al. 2010).

Hypoxia also causes immunosuppression.
Under hypoxic conditions, myeloid-derived
suppressor cells, macrophages, dendritic cells,
and tumor cells express higher levels of immune
checkpoint ligands (PD-L1) (Noman et al.
2014), which is one of several mechanisms
through which hypoxia inhibits the cytolytic
activity of T cells and other immune cell types
(Doedens et al. 2010; Motz and Coukos 2013).
Additionally, hypoxia can induce macrophages
to promote fibrosis (Chen et al. 2014b). Thus,
hypoxia interferes with the antitumor effects
of immune cells (Noman et al. 2015) and in-
duces these cells to contribute to abnormal ves-
sels and desmoplasia, thereby promoting vessel
leakiness and compression. Targeting of hypox-
ia-induced factors (Chen et al. 2015) or revers-
ing hypoxia through vascular normalization
(Huang et al. 2012) could potentiate the anti-

tumor effects of both responses. These strategies
are discussed below.

Hypoxia promotes the expression of factors
that contribute to catabolism of glucose to lac-
tate, producing acidosis. This may be an adap-
tion of cancer cells to intermittent hypoxia
(Gatenby and Gillies 2004), or a means of pro-
moting proliferation even at the expense of en-
ergy efficiency (Vander Heiden et al. 2009).
Endogenous markers of acidosis are potential
negative prognostic biomarkers (Giatroma-
nolaki et al. 2001; Koukourakis et al. 2003).
Acidosis promotes cancer cell invasion by con-
tributing to the degradation of the ECM (Mar-
tinez-Zaguilan et al. 1996; Glunde et al. 2003;
Estrella et al. 2013). Acidic microenvironment
neutralizes weak-base chemotherapies, thereby
promoting resistance to this class of chemo-
therapeutic agents (Sauvant et al. 2008). Aci-
dosis promotes chromosomal instability there-
by making cancer cells more likely to mutate
(Morita 1995). Chronic autophagy is a cellu-
lar adaptation, which promotes cancer cell sur-
vival in acidic TMEs (Wojtkowiak et al. 2012).
Immunosuppression is in part caused by aci-
dosis, which inhibits the activity of natural
killer cells (Martinez-Zaguilan et al. 1996),
the cytolytic activity of T cells (Fischer et al.
2007), and the polarization of macrophages
(El-Kenawi et al. 2015; Riemann et al. 2016).
Lactic acid produced by tumor cells also induc-
es the expression of VEGF and polarization of
tumor-associated macrophages toward an im-
munosuppressive phenotype and this effect is
mediated by hypoxia-inducible factors (Cole-
gio et al. 2014). Thus, acidosis can also pro-
mote angiogenesis, which is caused by and
contributes to hypoxia in tumors, and also pro-
motes immunosuppression by converting mac-
rophages into a protumor phenotype, which
promotes tumor cell invasion, motility, and in-
travasation (Noy and Pollard 2014).

STRATEGIES TO ALLEVIATE HYPOXIA AND
OVERCOME HETEROGENEITY

As discussed above, the two primary vessel
abnormalities are leakiness and compression.
These abnormalities induce focal hypoxia by
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(1) reducing the volume of tissue a single vessel
can supply with oxygen and nutrients (Fig. 2B),
and (2) increasing the volume of tissue without
a perfused vessel nearby (Fig. 2D). Our hypoth-
esis is that alleviating hypoxia by reducing blood
vessel abnormalities will inhibit tumor pro-
gression, metastasis, immunosuppression, and
treatment resistance (Fig. 2E).

Inducing vessel maturation fortifies leaky
vessels (Fig. 3A), which may increase the vol-
ume of tissue a single vessel can supply with
oxygen (Fig. 2B) and recover perfusion of static
vessels (Fig. 2D). Decreasing solid stress decom-
presses vessels (Fig. 3B), thereby reducing the
volume of tissue far from a perfused vessel
(Fig. 2D). In this section, we will discuss how
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Figure 3. Normalizing vasculature and alleviating solid stress increases tumor perfusion. (A) Vessel normaliza-
tion involves fortifying vessels (green) with pericytes (red) to make vessels more normal and better functioning.
Scale bar, 100 mm. (From Winkler et al. 2004; reprinted, with permission, from Elsevier# 2004.) (B) Solid stress
alleviation reperfuses compressed vessels and reduces the volume of tumor regions lacking perfused vessels. Scale
bar, 1 mm. (Images from Chauhan et al. 2013.) (C) Vascular normalization by antiangiogenic therapies (AATs)
occurs in a time window and increases the effectiveness of anticancer agents because of increased perfusion and
oxygenation. High-dose and/or long-treatment periods may result in decreased perfusion. (From Jain 2014;
adapted, with permission, from the author.) (D) Vascular normalization by AATs might be more successful if the
pretreatment vascular density is high and the normalizing therapy fortifies rather than prunes vessels. (From
Tolaney et al. 2015; adapted, with permission, from the authors.)
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these strategies are translating from preclinical
studies to clinical trials. In addition, we will
discuss the exploratory, mechanistic preclinical
studies and clinical trials that generate new hy-
potheses for improving the efficacy and combi-
nation of agents that reduce vessel leakiness and
compression.

Improving Vascular Function through
Vascular Normalization

In 2001, we proposed that the judicious use of
antiangiogenic therapies (AATs) improves the
function of intratumoral vessels by pruning im-
mature vessels and fortifying those remaining,
thereby promoting more homogenous delivery
of oxygen and chemotherapeutic agents (Jain
2001, 2005, 2014; Carmeliet and Jain 2011b).
Besides preclinical data (Winkler et al. 2004;
Goel et al. 2011), the survival benefit of AATs
in patients with colorectal, renal, lung (non-
small-cell), and other cancers provides evidence
supporting the vascular normalization hypoth-
esis (Jain 2014; Vasudev and Reynolds 2014;
Jayson et al. 2016). Furthermore, results of hy-
pothesis-generating imaging studies of func-
tional vascular biomarkers in brain, lung, and
breast cancer patients support the notion that
vascular normalization, and the improved per-
fusion and oxygenation after AATare associated
with increased survival (Sorensen et al. 2009,
2012; Garcia-Foncillas et al. 2012; Batchelor
et al. 2013; Emblem et al. 2013; Heist et al.
2015). Angiogenic and hypoxic gene expression
signatures (Franzini et al. 2015) also are consis-
tent with this hypothesis. Thus, AAT has im-
proved patient outcomes in certain settings,
with exploratory studies indicating that im-
proved vascular function leading to reduced
hypoxia is a potential biomarker of response.

Despite the success of AAT in an adjunct,
vascular normalizing role in patients, clinical
setbacks in several cancer types—particularly
breast and pancreatic cancer—indicate that
AATs often fail to improve vessel function
(Sledge 2015; Jayson et al. 2016). There are on-
going attempts to validate potential biomarkers
(Lambrechts et al. 2013), which are necessary
because the normalizing effect of AAT is tran-

sient and depends on careful titration of the
AAT dose to maximize intratumor oxygen levels
(Fig. 3C) (Jain 2014). We hypothesize that the
two main factors determining the sensitivity of
vascular function and patient outcome to dose
and normalization window of AAT are insuffi-
cient pretreatment vascular density (Fig. 3D,
bottom left quadrant) and excessive vascular
pruning (Fig. 3D, top left to bottom right quad-
rant). Exploratory clinical studies in rectal, co-
lorectal, and breast cancer indicate that better
outcome from AATs might be associated with
higher pretreatment microvascular density (Fig.
3D, top left quadrant) (Yang et al. 2008; Foernz-
ler et al. 2010; Gasparini et al. 2012; Tolaney
et al. 2015). Additionally, related studies in brain
and breast cancer indicate that AAT induction
of vessel maturation through recruitment of
pericytes—and not through pruning of imma-
ture vessels—might be associated with im-
proved outcome (Fig. 3D, top left to top right
quadrant) (Sorensen et al. 2009; Tolaney et al.
2015). These findings are consistent with data
from preclinical studies that show fortification
without pruning increases vessel function
(Mazzone et al. 2009; Huang et al. 2012). More-
over, there are instances of preclinical and clin-
ical data showing impaired vascular function
after pruning despite vessel fortification by
AAT (Van der Veldt et al. 2012; Arjaans et al.
2013). These data indicate that AATs, which re-
duce leakiness without pruning, should be pri-
oritized.

Proangiogenic strategies that stimulate an-
giogenesis in nonperfused regions, while avoid-
ing pruning and overcoming hypoperfusion,
nonetheless will increase vascular leakiness,
thereby encountering the opposite problematic
dichotomy that pruning AAT poses (Rivera and
Bergers 2015; Wong et al. 2015). In contrast,
more effective AATs will be more readily com-
bined and tailored to distinct vascular pheno-
types, as they fortify vessels—thereby increasing
the volume of tissue supplied by single vessels—
and recover perfusion to static vessels—thereby
decreasing the volume of tissue without per-
fused vessels (Mazzone et al. 2009; Huang
et al. 2012; Goel et al. 2013; Maes et al. 2014;
Patenaude et al. 2015). As will be discussed be-
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low, solid stress alleviation is a suitable adjunct
to vessel-fortifying AATs, as it will increase the
density of functional vessels without increasing
leakiness (Fig. 4).

Whether the effect is fortification or prun-
ing of immature tumor vessels, AATs are inef-

fective in the early metastatic setting (Sledge
2015). Lymph node metastases do not seem to
rely on angiogenesis and thus are insensitive to
AATs (Jeong et al. 2015). Furthermore, invading
cancer cells coopting normal vessels are in nor-
mal and normoxic microenvironments, yet they
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Normalization
through
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fortification only
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Supply large volumes of tissue

Combination
of vessel

fortification
and stromal

reprogramming
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perfusion

Grants
all

regions
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Sparse
perfusion

Leaves
regions
without

flow

Solid tumors
pretreatment

Pro-
angiogenesis or
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Leaky vessels
Supply small volumes of tissue

NormoxiaHypoxia

Figure 4. Combinations of therapies that increase vessel maturity and the density of perfused vessels might be
optimal for alleviating hypoxia. Most, but not all, solid tumors have both leaky vessels and regions with sparse
perfusion (denoted on graph by black circle) leaving the tissue hypoxic (white background). Reengineering the
tumor microenvironment (TME) to eliminate hypoxia and promote normoxia (blue background) could lead to
improved treatment outcomes. Normalization strategies that increase vessel maturity often also induce pruning
(orange ray), leading to sparse perfusion, whereas proangiogenic and stromal destruction strategies (red ray)
increase vessel leakiness. Strategies that normalize vessels through fortification with pericytes while avoiding
pruning (green ray) or reprogram the stroma to alleviate solid stress (magenta ray) improve vessel function
without detrimental effects, and the combination (greenish blue ray) might be ideal to alleviate hypoxia for most
solid tumors.
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seem insusceptible to chemotherapies, which
is at odds with the notion that vessel function
limits the effectiveness of chemotherapy. How-
ever, recent findings indicate that metastatic
cells particularly are resistant to chemotherapy,
because cells cannot invade and proliferate
simultaneously (Matus et al. 2015). Similarly,
cells under solid stress (Cheng et al. 2009; Des-
maison et al. 2013; Delarue et al. 2014) or that
have undergone EMT (Fischer et al. 2015;
Zheng et al. 2015) proliferate less and are re-
sistant to chemotherapy. Thus, strategies that
stimulate proliferation or kill invading cancer
cells could be combined with agents that nor-
malize the tumor vasculature in adjuvant and
metastatic settings.

Improving Vascular Function by
Decompressing Vessels

The clinical development of therapeutics to
decompress vessels is not as advanced as that
of AATs. Cancer cells and CAFs generate solid
stress, which is stored as strain energy in ECM
components like hyaluronan and collagen fibers
(Stylianopoulos et al. 2012). In 1999, the first
preclinical data were reported showing that
pharmacologic vascular decompression leads
to reduced hypoxia using the chemotherapy
paclitaxel, which kills a fraction of proliferative
tumor cells (Griffon-Etienne et al. 1999). Fur-
thermore, paclitaxel, but not chemotherapy of
another type, reduces tumor hypoxia in breast
cancer patients (Taghian et al. 2005). Perhaps
this unique ability to decompress vessels and
alleviate hypoxia can be explained not only by
cancer cell depletion but also by paclitaxel’s
ability to reduce CAF and collagen levels (Alva-
rez et al. 2013). As a result, the addition of
Nab-paclitaxel—a nanoparticle formulation of
paclitaxel—to gemcitabine improves survival in
pancreatic cancer patients, as verified in a ran-
domized, controlled clinical trial (Von Hoff
et al. 2013; Whatcott et al. 2015b).

Avoiding the toxicities of chemotherapies,
agents that directly target the stroma also re-
duce solid stress and decompress vessels. De-
pletion of hyaluronan using pegylated hyal-
uronidase (PEGPH20) decompresses vessels

and improves the outcome of chemotherapy
(Provenzano et al. 2012; Jacobetz et al. 2013;
Chauhan et al. 2014). Indeed, the combination
of PEGPH20 and chemotherapy was effective
in a phase II trial of patients with elevated
levels of hyaluronan in their lesions (Hingorani
et al. 2016). Similarly, hedgehog pathway an-
tagonism, which reduces the activity of CAFs
and desmoplasia (Bailey et al. 2008), decreases
solid stress and increases perfusion (Styliano-
poulos et al. 2012). However, depletion of
stroma is a double-edged sword. Genetic de-
pletion of either CAFs (Ozdemir et al. 2014) or
pericytes (Cooke et al. 2012) induces hypoxia
and promotes disease progression. Similarly,
genetic deletion of sonic hedgehog or long-
term pharmacological inhibition of its signal-
ing reduces cancer cell differentiation, increases
angiogenesis and cancer cell proliferation, and
decreases survival (Lee et al. 2014; Rhim et al.
2014). These results provide potential hypoth-
eses for the failure of hedgehog antagonism in
clinical trials to increase drug delivery and sur-
vival (Catenacci et al. 2015; Whatcott et al.
2015b).

Repurposed pharmacologic agents that re-
program the tumor stroma toward a normal
phenotype are promising, because they allevi-
ate hypoxia without destroying stroma (What-
cott et al. 2015b). For example, angiotensin
system inhibition (ASI) with losartan inhibits
downstream profibrotic pathways—TGF-b1,
connective tissue growth factor, endothelin-
1—in CAFs, and thereby reduces solid stress,
decompresses vessels, and increases oxygen and
drug delivery without increasing malignancy
(Chauhan et al. 2013). There is evidence of
ASI-induced vessel decompression in glioblas-
toma patients (Emblem et al. 2016). Besides
decompressing vessels, as TGF-b1 promotes
protumor immune suppression (Wrzesinski
et al. 2007; Pickup et al. 2013; Papageorgis
and Stylianopoulos 2015), losartan reduces
metastasis by blocking monocyte recruitment
(Regan et al. 2016). Supporting these mecha-
nistic data, retrospective clinical analyses sug-
gest that the use of ASI to manage hypertension
in cancer patients is correlated with longer sur-
vival (Wilop et al. 2009; Nakai et al. 2010, 2015;
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Keizman et al. 2011; Menter et al. 2014), in-
cluding one analysis of 4736 patients (McKay
et al. 2015). Other strategies to reprogram the
stroma to decompress vessels include VDR ag-
onism, which induces a quiescent phenotype in
PSCs. Like ASI, VDR agonism alleviates des-
moplasia, increases vascular function, and po-
tentiates chemotherapy (Sherman et al. 2014;
Hah et al. 2015). Similarly, the glucose-lower-
ing drug metformin induces a quiescent phe-
notype in PSCs and thereby reduces desmopla-
sia, EMT, and metastasis (Incio et al. 2015), in
agreement with retrospective clinical studies
(Sadeghi et al. 2012). Because stromal repro-
gramming improves outcomes in preclinical
and retrospective clinical studies by increasing
perfusion without increasing vessel leakiness or
malignancy, it is readily combinable with ves-
sel-fortifying AATs (Fig. 4) (Stylianopoulos
and Jain 2013). Indeed, retrospective studies
in renal cell carcinoma and advanced non-
small-cell lung cancer patients showed survival
advantage in patients who received both an
AAT (sunitinib and bevacizumab, respectively)
and ASI (Keizman et al. 2011; Menter et al.
2014). Randomized, controlled clinical trials
must be completed to confirm the survival
benefit of stromal reprogramming and its com-
bination with AAT.

CONCLUSION

Diverse subpopulations of cancer cells together
coopt and activate the stroma to create a TME
conducive for disease progression. Heterogene-
ity of the microenvironment in phenotype,
function, and topology of stromal constituents
results in focal development of tumor hypoxia.
Hypoxia fuels a vicious cycle in TME resulting
in disease progression through multiple mech-
anisms. Alleviating hypoxia may delay tumor
progression and improve treatment outcomes.
With the lack/reduction of focal hypoxia in
TME, angiogenesis, desmoplasia, and inflam-
mation would not be promoted, thereby revers-
ing stromal heterogeneity and reducing stroma-
mediated treatment resistance (Junttila and de
Sauvage 2013). With respect to cancer cells, re-
gional differences in selective pressures will be

reduced, thereby minimizing the rise of mu-
tants, which acquire survival advantage. Addi-
tionally, higher concentrations of cytotoxic
therapies will reach cancer cells, further reduc-
ing the likelihood of resistance. We have pro-
posed two strategies to alleviate hypoxia—vas-
cular normalization and vessel decompression.
Combining these two strategies properly could
more efficiently alleviate hypoxia, improve the
outcome of concurrent radiation, chemo- and
immune-therapy, and overcome the challenges
posed by tumor heterogeneity (Stylianopoulos
and Jain 2013).
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R, Lipponen P, Ågren U, Alhava E, Kosma VM. 1998.
Tumor cell-associated hyaluronan as an unfavorable
prognostic factor in colorectal cancer. Cancer Res 58:
342–347.

Sadeghi N, Abbruzzese JL, Yeung SCJ, Hassan M, Li D. 2012.
Metformin use is associated with better survival of dia-
betic patients with pancreatic cancer. Clin Cancer Res 18:
2905–2912.

Samani A, Zubovits J, Plewes D. 2007. Elastic moduli of
normal and pathological human breast tissues: An inver-
sion-technique-based investigation of 169 samples. Phys
Med Biol 52: 1565–1576.

Sauvant C, Nowak M, Wirth C, Schneider B, Riemann A,
Gekle M, Thews O. 2008. Acidosis induces multi-drug
resistance in rat prostate cancer cells (AT1) in vitro and in
vivo by increasing the activity of the p-glycoprotein via
activation of p38. Int J Cancer 123: 2532–2542.

Scherz-Shouval R, Santagata S, Mendillo ML, Sholl LM,
Ben-Aharon I, Beck AH, Dias-Santagata D, Koeva M,
Stemmer SM, Whitesell L, et al. 2014. The reprogram-
ming of tumor stroma by HSF1 is a potent enabler of
malignancy. Cell 158: 564–578.

Semenza GL. 2012. Molecular mechanisms mediating me-
tastasis of hypoxic breast cancer cells. Trends Mol Med 18:
534–543.

Semenza GL. 2014. Oxygen sensing, hypoxia-inducible
factors, and disease pathophysiology. Annu Rev Pathol
9: 47–71.

Semenza GL. 2016. Dynamic regulation of stem cell speci-
fication and maintenance by hypoxia-inducible factors.
Mol Aspects Med 47 – 48: 15–23.

Sevick EM, Jain RK. 1989. Viscous resistance to blood flow
in solid tumors: Effect of hematocrit on intratumor
blood viscosity. Cancer Res 49: 3513–3519.

Sherman MH, Yu RT, Engle DD, Ding N, Atkins AR, Tiriac
H, Collisson EA, Connor F, Van Dyke T, Kozlov S, et al.
2014. Vitamin D receptor-mediated stromal reprogram-
ming suppresses pancreatitis and enhances pancreatic
cancer therapy. Cell 159: 80–93.

J.D. Martin et al.

22 Cite this article as Cold Spring Harb Perspect Med 2016;6:a027094

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



Shweiki D, Itin A, Soffer D, Keshet E. 1992. Vascular endo-
thelial growth factor induced by hypoxia may mediate
hypoxia-initiated angiogenesis. Nature 359: 843–845.

Singhal PK, Sassi S, Lan L, Au P, Halvorsen SC, Fukumura D,
Jain RK, Seed B. 2016. Mouse embryonic fibroblasts ex-
hibit extensive developmental and phenotypic diversity.
Proc Natl Acad Sci 113: 122–127.

Sledge GW. 2015. Anti-vascular endothelial growth factor
therapy in breast cancer: Game over? J Clin Oncol 33:
133–135.

Soda Y, Marumoto T, Friedmann-Morvinski D, Soda M,
Liu F, Michiue H, Pastorino S, Yang M, Hoffman RM,
Kesari S. 2011. Transdifferentiation of glioblastoma cells
into vascular endothelial cells. Proc Natl Acad Sci 108:
4274–4280.

Sorensen AG, Batchelor TT, Zhang WT, Chen PJ, Yeo P,
Wang M, Jennings D, Wen PY, Lahdenranta J, Ancukie-
wicz M, et al. 2009. A “vascular normalization index” as
potential mechanistic biomarker to predict survival after
a single dose of cediranib in recurrent glioblastoma pa-
tients. Cancer Res 69: 5296–5300.

Sorensen AG, Emblem KE, Polaskova P, Jennings D, Kim H,
Ancukiewicz M, Wang M, Wen PY, Ivy P, Batchelor TT, et
al. 2012. Increased survival of glioblastoma patients who
respond to antiangiogenic therapy with elevated blood
perfusion. Cancer Res 72: 402–407.

Spivak-Kroizman TR, Hostetter G, Posner R, Aziz M, Hu C,
Demeure MJ, Von Hoff D, Hingorani SR, Palculict TB,
Izzo J, et al. 2013. Hypoxia triggers hedgehog-mediated
tumor-stromal interactions in pancreatic cancer. Cancer
Res 73: 3235–3247.

Stylianopoulos T, Jain RK. 2013. Combining two strategies
to improve perfusion and drug delivery in solid tumors.
Proc Natl Acad Sci 110: 18632–18637.

Stylianopoulos T, Martin JD, Chauhan VP, Jain SR,
Diop-Frimpong B, Bardeesy N, Smith BL, Ferrone CR,
Hornicek FJ, Boucher Y, et al. 2012. Causes, conse-
quences, and remedies for growth-induced solid stress
in murine and human tumors. Proc Natl Acad Sci 109:
15101–15108.

Stylianopoulos T, Martin JD, Snuderl M, Mpekris F, Jain SR,
Jain RK. 2013. Coevolution of solid stress and interstitial
fluid pressure in tumors during progression: Implica-
tions for vascular collapse. Cancer Res 73: 3833–3841.

Sugimoto H, Mundel TM, Kieran MW, Kalluri R. 2006.
Identification of fibroblast heterogeneity in the tumor
microenvironment. Cancer Biol Ther 5: 1640–1646.

Tabassum DP, Polyak K. 2015. Tumorigenesis: It takes a
village. Nat Rev Cancer 15: 473–483.

Taghian AG, Abi-Raad R, Assaad SI, Casty A, Ancukiewicz
M, Yeh E, Molokhia P, Attia K, Sullivan T, Kuter I, et al.
2005. Paclitaxel decreases the interstitial fluid pressure
and improves oxygenation in breast cancers in patients
treated with neoadjuvant chemotherapy: Clinical impli-
cations. J Clin Oncol 23: 1951–1961.

Tan E, Yan M, Campo L, Han C, Takano E, Turley H, Can-
diloro I, Pezzella F, Gatter K, Millar E. 2009. The key
hypoxia regulated gene CAIX is upregulated in basal-
like breast tumours and is associated with resistance to
chemotherapy. Br J Cancer 100: 405–411.

Thiery JP, Acloque H, Huang RY, Nieto MA. 2009. Epithe-
lial-mesenchymal transitions in development and dis-
ease. Cell 139: 871–890.

Thomlinson R, Gray L. 1955. The histological structure of
some human lung cancers and the possible implications
for radiotherapy. Br J Cancer 9: 539.

Tlsty TD, Coussens LM. 2006. Tumor stroma and regulation
of cancer development. Annu Rev Pathol 1: 119–150.

Tolaney SM, Boucher Y, Duda DG, Martin JD, Seano G,
Ancukiewicz M, Barry WT, Goel S, Lahdenrata J, Isakoff
SJ, et al. 2015. Role of vascular density and normalization
in response to neoadjuvant bevacizumab and chemo-
therapy in breast cancer patients. Proc Natl Acad Sci
112: 14325–14330.

Tse JM, Cheng G, Tyrrell JA, Wilcox-Adelman SA, Boucher
Y, Jain RK, Munn LL. 2012. Mechanical compression
drives cancer cells toward invasive phenotype. Proc Natl
Acad Sci 109: 911–916.

Tung JC, Barnes JM, Desai SR, Sistrunk C, Conklin MW,
Schedin P, Eliceiri KW, Keely PJ, Seewaldt VL, Weaver
VM. 2015. Tumor mechanics and metabolic dysfunction.
Free Radic Biol Med 79: 269–280.

Vander Heiden MG, Cantley LC, Thompson CB. 2009. Un-
derstanding the Warburg effect: The metabolic require-
ments of cell proliferation. Science 324: 1029–1033.

Van der Veldt AA, Lubberink M, Bahce I, Walraven M, de
Boer MP, Greuter HN, Hendrikse NH, Eriksson J, Wind-
horst AD, Postmus PE, et al. 2012. Rapid decrease in
delivery of chemotherapy to tumors after anti-VEGF
therapy: Implications for scheduling of anti-angiogenic
drugs. Cancer Cell 21: 82–91.

van Malenstein H, Gevaert O, Libbrecht L, Daemen A, Al-
lemeersch J, Nevens F, Van Cutsem E, Cassiman D, De
Moor B, Verslype C, et al. 2010. A seven-gene set associ-
ated with chronic hypoxia of prognostic importance in
hepatocellular carcinoma. Clin Cancer Res 16: 4278–
4288.

Vasudev NS, Reynolds AR. 2014. Anti-angiogenic therapy
for cancer: Current progress, unresolved questions and
future directions. Angiogenesis 17: 471–494.

Vaupel P, Mayer A. 2014. Hypoxia in tumors: Pathogenesis-
related classification, characterization of hypoxia sub-
types, and associated biological and clinical implications.
In Oxygen transport to tissue XXXVI, pp. 19–24. Springer,
New York.
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