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Abstract

Introduction: The genesis of cancer appears to be a complex matter, which is not simply based
upon few genetic abnormalities/alteration. In fact, irregular microvasculature and aberrant
interstitium of solid tumors impose significant pathophysiologic barrier functions against cancer
treatment modalities, hence novel strategies should holistically target bioelements of tumor
microenvironment (TME). In this study, we provide some overview and insights on TME and
important strategies used to control the impacts of such pathophysiologic barriers.

Methods: We reviewed all relevant literature for the impacts of tumor interstitium and
microvasculature within the TME as well as the significance of the implemented strategies.
Results: While tumorigenesis initiation seems to be in close relation with an emergence of
hypoxia and alterations in epigenetic/genetic materials, large panoplies of molecular events
emerge as intricate networks during oncogenesis to form unique lenient TME in favor of tumor
progression. Within such irregular interstitium, immune system displays defective surveillance
functionalities against malignant cells. Solid tumors show multifacial traits with coadaptation
and self-regulation potentials, which bestow profound resistance against the currently used
conventional chemotherapy and immunotherapy agents that target solely one face of the disease.
Conclusion: The cancerous cells attain unique abilities to form its permissive microenvironment,
wherein (a) extracellular pH is dysregulated towards acidification, (b) extracellular matrix (ECM)
is deformed, (c) stromal cells are cooperative with cancer cells, (d) immune system mechanisms
are defective, (e) non-integrated irregular microvasculature with pores (120-1200 nm) are formed,
and (h) interstitial fluid pressure is high. All these phenomena are against cancer treatment
modalities. As a result, to control such abnormal pathophysiologic traits, novel cancer therapy

strategies need to be devised using multifunctional nanomedicines and theranostics.

Introduction

Over the past century, revolutionary investigations have
highlighted malignancies as complex systems with auto-
regulation, coadaptation and networking potentials. The
emergence of cancer is not fully understood, hence we
struggle to diagnose the disease as early as possible and
treat it as effective as possible. We have learned that arrays
of genes, transcription factors and signaling pathways
are networked intriguingly in initiation, promotion and
progression of cancer, by which cancerous cells appear
to intelligently communicate with the surrounding
biocomponents through intricate molecular means.
In their long path, cancer cells are able to escape from
the surveillance mechanisms of immune system and
settle down deep within the normal tissues and create
its unique permissive setting, the so-called “tumor
microenvironment”. Fig. 1 schematically represents the
formation of TME and colonization of metastatic cancer
cells.

To be able to undergo the unchecked cell division, the

cancerous cells need to get necessary nutrients within
such a hospitable bed in a co-operative manner with
stromal cells. While the initiation and progression of
cancer occurs as panoplies of molecular markers involved
in both proliferation and differentiation phenomena.
All these activities provide the cancerous cells abilities
to modulate the extracellular pH, ECM, stromal cells,
immune system, and angiogenesis. The distribution
pattern of non-binding macromolecules within the
TME appears to be irregular and heterogeneous. Part
of settlement of macromolecules in the TME appears to
occur based on irregular extravasation and some others
are originated from cancer cells and/or cancer associated
cells. Regardless of the origin of the macromolecular
bioelements within the TME, they can inherently increase
oncotic pressure of the tumor interstitial fluid (TIF). As
a proximal fluid, TIF encompasses not only the array of
extravasated blood-borne/-circulating proteins but also
contains rebelliously externalized biocomponents of
tumor cells and their aberrant metabolic byproducts as
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Fig. 1. Schematic representation of TME and colonization of metastatic cancer cells. Inset: Mucoepidermoid carcinoma. Figure is adapted

with permission from our paper published in Biolmpacts." TME: Tumor microenvironment.

well as biomolecules, in part segregated form deformed
ECM and stroma. In addition to tumor vasculature, many
abnormally overexpressed carrier-mediated transporters
are involved in formation of tumor interstitium. All
these anomalous phenomena make TME to be exposed
to cocktail of various enzymes with acidic pH, upon
which ECM can be remodeled/deformed, resulting in
emergence of a viscose TME with high oncotic pressure
- a pathophysiologic obstacle against cancer therapy.
In fact, TIF encompasses plethora of oncomarkers
anomalously secreted during tumor development,
progression and invasion.’ In a uniformly perfused
tumor, based upon findings by numerical simulations,
the elevated TIF pressure (TIFP) is the main driving force
for heterogeneous dissemination of macromolecules, in
part due to low pressure and non-uniform filtration of
tumor microvasculature necessary for extravasation of
fluid and macromolecules from microvasculature. As a
result, such aberrant high pressure in TIF can hamper the
interstitial traverse of therapeutic macromolecules such
as monoclonal antibodies (mAbs) and multifunctional
nanomedicines. To overcome these physiological barriers
within TME, cancer treatment modalities need to be
devised to lower the TIFP and to improve the blood flow.
In the current study, we will discuss tumor development,
TME, parameters involved in enhanced TIFP, strategies
against pathophysiologic barriers of tumor and impacts
of multifunctional nanosystems to circumvent the high
oncotic pressure of TIE

Complexity of tumor

At the early stage of tumorigenesis, a complex network of
signaling pathways are initiated, mainly through danger
signals and epigenetic remodeling (i.e., DNA methylation/
demethylation and histone acetylation and deacetylation),
and hence inadvertent enhanced hydrophobicity leading
to inevitable over- and/or under-expression of array of
genes. The hydrophobic portions of molecules (Hyppos)

of genomic materials are intrinsically concealed with
hydrophilic molecules. While there exists a hydrophobic
and hydrophilic balance within all cellular bioelements
in normal condition,* any impulsively exposed Hyppos
aggregates may induce undesired molecular injuries.
It seems that molecular signaling paths are in close
association with damage-associated molecular patterns
(DAMPs), displaying unique pattern of HYPPOs derived
from dead/dying and damaged cells. Such concept appears
to be the same for nucleic acids, in which for example the
unmethylated CPG sequences can be a sign for molecular/
cellular damage(s).” Although the mechanisms by which
the malignant cells regulate gene expression differ in
various solid tumors, remodeling of genomic materials
seems to be the central dogma that can modulate array
of transcription factors, resulting in up- and/or down-
regulation of specific genes and hence alteration of
biological functions in favor of the progression of tumor.
Within such process, inimitable patterns of methylation
of cytosine molecules as well as acetylation of histones
appear to regulate the gene expression profiles.®

In fact, we believe cancers show all characteristics of the
“complex adaptive systems” such as (a) unique emergence,
(b) self-organization potential, (c) collective behavior,
(d) networking capacity, (e) evolution and adaptation
capacities, and (f) pattern formation ability. Such
complexity has been well-delineated by Hanahan and
Weinberg as the hallmarks of cancer by (a) self-sufficiency
in growth signals, (b) insensitivity to anti-growth
signals, (c) evading immunosurveillance and apoptosis,
(d) sustained angiogenesis, (e) tissue invasiveness and
metastasis, and (f) limitless replicative potential.”

Anomalous energetic metabolism among cancer cells
and stromal cells

Inherently, the oxygen-mediated oxidative
phosphorylation (OMOP) produce ATP in the
mitochondria. In such process NADH and FADH2
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are oxidized and ADP is phosphorylated, resulting in
formation of ATP that can also be generated in the
absence of oxygen through another pathway called
“glycolysis” within the cytosol. In normal cells, ATP is
largely produced through OMOP in mitochondria, while
in the cancer cells the cytosolic glycolysis appears to be
the dominant path for the production of ATP even in the
presence of sufficient levels of oxygen. Such increased
rate of glycolysis in the presence of oxygen (a process so-
called “aerobic glycolysis”) is known as “Warburg effect”?
In solid tumors, the cancerous epithelial cells show huge
intercommunication with the neighboring stromal cells,
in which the lactate shuttle bridging among cancer cells
and stromal cells and is termed as “reverse Warburg
effect”. Since the cancer cells are able to secrete high levels
of hydrogen peroxide (H,0,),” they can induce a local
oxidative stress within TME, wherein the stromal cells are
markedly affected. As a result, the autophagy within these
cells are modulated and tumor-stroma interactions are
shaped during carcinogenesis."” It should be pointed out
that the autophagy is known to suppress the tumorigenesis
at the early stages; however, in established tumors, it
functions in favor of cancer cells’ survival, bestowing
chemoresistance potential to at least colonies of cells.! The
autophagy is believed to play compartment-specific roles
in tumor metabolism, hence it along with mitochondrial
dysfunction may promote cellular catabolism in stromal
cells, resulting in production of recycled nutrients that
can be reused as high-energy fuels by cancer cells. Such
sources of fuels seem to dramatically promote the growth
of tumor in association with oxidative mitochondrial
metabolism.'? In fact, the co-culture of cancer cells with
the fibroblasts was shown to enhance the mitochondrial
mass in cancer cells but not in fibroblasts. This may
imply existence of a parasitic life for cancer cells through
exploitation of oxidative stress for extraction of nutrients
from surrounding stromal cells (e.g., fibroblasts). In
addition, another reason for such symbiotic relationship
is the induction of the autophagic destruction of
mitochondria in stromal cells which can lead these cells
towards “aerobic glycolysis” that can produce energy-rich
nutrients such as lactate and ketones in favor of cancer
cells to be metastasized with no need to blood vessels
as a food source.”*™ It should be emphasized that the
autophagy is known as the major lysosomal pathway for
recycling of intracellular biological components and even
whole organelles, therefore it is considered as a pivotal
key process that modulate the tumorigenesis. Likewise,
we envision that the cancer cells are able to exploit the
glycolysis path to acidify the extracellular fluid that can
in turn intensify the release of lysosomal components
(particularly various enzymes) into the TME. Given that
the lysosomes are mixture of different enzymes, their
release into the extracellular fluid will further intensity
the oxidative stress within TME, resulting in enhanced
deformation of ECM in favor of tumor progression and
invasiveness.”” Of the aberrant metabolism within TME,
production of acidic byproducts such as lactic acid can

acidify the interacellular pH (pH,) and hence cancer cells
must pump them out of the cytoplasm through pH related
transport machineries, which results in alkalinized pHi
but acidified extracellular pH (pH,).'* Several enzymes
and transport machineries (e.g., MCT-1, NHE-1, CA IX
and H* pump V-ATPase) have been shown to be involved
in maintenance of the permissiveness of the TME."
The exocytosis of lysosomes together with acidic pH
of extracellular fluid can cause profound failure in
normal immunosurveillance functions,” in which
the infiltrating immune cell subsets play important
roles for regulating the process of tumor angiogenesis
and vascular remodeling - once again in favor of
cancer progrssion.’* The “angiogenic switch” seems
to be influenced by various cell types of both innate
and adaptive immune system.'"® Given the fact that
the currently used chemotherapies have focused on
targeted inhibition of some key signal transduction
pathway molecules (e.g., EGFR, MAPK/Erk and
Akt) important for the survival and progression of
cancer cells, biomolecules involved in the formation
of tumor interstitium may also act as the regulators of
functions of immune cells. Therefore, it is imaginable
that the conventional chemotherapy and radiotherapy
modalities may further impair the immune system.
Thus, biomolecules and their metabolic byproducts may
be considered as new targets, in which for example the
dysregulated pH can be inhibited by specific inhibitors
(e.g., amiloride, troglitazone and cariporide),’*?' and
hypoxia inducible factor-1 (HIF-1) can be targeted by
several specific inhibitors.?

Angiogenic switch

As one of the key elements of Warburg phenomenon,
HIF-] can be activated in various malignancies mainly
because of emergence of hypoxia. Its upregulation
may elicit functional expression of several important
transcription factors and genes involved in glucose
metabolism, apoptosis resistance, invasion, metastasis
and angiogenesis. Of these, glucose metabolism is shifted
towards increased glycolysis in orchestration with cancer
energy needs in lack of oxygen, producing glycolytic
metabolites. Once cancer cells reached a mass greater than
10° cells, they undergo some metabolic strains because the
fast growing cancer cells are distanced (by 100-200 pm)
from nutritive sources. As a result, the simple diffusion
mechanism can no longer retain the necessary nutritional
needs and oxygen demands for the malignant cells. Given
that the cancer cells at oxygen pressure around 2.5-10
mmHg become hypoxic and anoxic, they need to switch
on the neovascularization through various mechanisms to
overcome the nutritive deprivation through adaptation or
escape from such “hostile environment”. This is why the
vascular endothelial growth factor (VEGF), which binds
to its cognate receptors (VEGFR 1 and VEGFR2) on the
surface of vascular endothelial cells, is upregulated to
associate with initiation of the “angiogenic switch”*
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Formation of tumor microenvironment and impacts of
neovascularization

Upon settlement of a group of malignant cells in a host
tissue, various bioevents such as angiogenesis commence
to form the capillary sprouts leading towards formation
of a tumor microcirculatory network through (a) the
preexisting network of the host tissue, and (b) those
resultant from the angiogenic activities of tumors.
Regarding the tumor neovascularization process, it should
also be asserted that even in the most invasive forms of
malignancies, there is no alteration in the architecture of
the arterial wall and the malignant invasion of arterioles
is extremely rare. For tumor capillary, however, both non-
fenestrated and fenestrated capillaries have been shown
in different types of cancers. Further, discontinuous
capillaries have been observed in TME responsible for
possible extravasation of plasma fibrinogen.?* In some
tumors such as melanomas and some sarcomas, for
microcirculation, cancerous epithelial cells may line up
and resemble channels to connect to sinusoids/vessels
(Fig. 2).

In most malignancies, the neovascularization can lead to
capillary sprouts that appear to be very fragile and prone
to hemorrhage. Within the TME, post-capillary venules,
which are highly tortuous with no integrated basement
membranes, display large diameter as giant capillaries

ECM Fibroblast B cell Macrophage  Cancer stem cell  Cancer cell
. Q %0 -3

° Su

Red blood cell Endothelia pore T cell Endothelial cell Multistage NPs Dendritic cell

Fig. 2. Tumor interstitum and microcirculation. 1: Deformed/
damaged ECM allows invasion and metastasis. 2: Non-integrated
tumor microvasculature with pores (120-1200 nm) results in high
pressure in TIF, extravasation of macromolecules and enhanced
permeability and retention of NPs. 3: Cancer microcirculation can
be attained by lined-up epithelial cancer cells. 4: In the core of
TME, colonies of untouched cancer cells are located, in which
anticancer agents fail to reach these cells. TIF: Tumor interstitial
fluid. ECM: extracellular matrix. NPs: nanoparticles.

and appear to be responsible for intravasation of cancer
cells. Likewise, the venules and veins of solid tumors seem
to be extremely tortuous and dilated, which can literally
cause profound alteration in the flow of blood and hence
delivery of oxygen within TME. As mentioned previously,
the arteriovenous anastomoses that directly shunt blood
from the arterial to the venous make intratumoral delivery
of anticancer agents very problematic.”

While tumor cells secretes various vasoactive substances
that supports neovascularization and tumor vessels
spring from preexisting vascular cells, several other cell
types (i.e., endothelial progenitor cells from the bone
marrow and in circulation, hematopoietic stem cells,
and differentiated cells of the monocytic lineage such as
macrophages and dendritic cells) potentially contribute to
the pathological neovascularization of solid tumors.?® Of
these cells, bone marrow-derived endothelial progenitor
cells contain unique subpopulations that do not become
fully-differentiated vascular constituents and rather
display immature myeloid or mesenchymal lineage nature,
enhancing tumor angiogenic milieu in close relation with
tumor vessels.”” These cells are able to migrate into pre-
metastatic niche and hence elicit new vasculature settings.
All these abnormal events, along with non-integrated
irregular tumor microvasculature with pores and gaps
(120-1200 nm),? result in abnormal hemostasis that favors
the progression of cancer and formation of a permissive
milieu with high oncotic pressure interstitial fluid that
will be discussed in the following sections. Further, TME
encompasses network of different cell types, soluble
factors, signaling molecules and ECM components, which
orchestrate the progression and invasiveness of the tumor.
Within the TME, cancer stem cells (CSCs) appear to retain
the tumor mass. Fibroblasts and macrophages seem to
favor the growth of tumor and HIFs (in particular HIF-1)
and vascular endothelial growth factors (VEGFs), which
function synergistically for the successful maintenance
and outgrowth of metastasis.”’

Morphological changes during epithelial-mesenchymal
transition

During tumor development, the cancerous epithelial
cells often undergo some unique morpho-physiological
changes such as enhanced motility and diminished
intercellular adhesion leading to mesenchymal cells,
which enable them to impose profound invasiveness.
During such process, a number of oncogenic pathways
(e.g., peptide growth factors, Src, Ras, Ets, integrin, Wnt/
[-catenin, and Notch) are activated.”** The upregulation
and/or downregulation of these genes, together with
aberrant metabolic changes, may create colonies of
chemotherapy-resistant cells (CRCs), resulting in the
failure of the conventional chemotherapy.

Biological barriers in cancer drug delivery

Having capitalized on various methods to study the tumor
perfusion, scientists have recruited different techniques
clinically including magnetic resonance image (MRI),*
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ultrasound,®** positron emission tomography (PET)**
and volume computed tomography (VCT).** These
investigations have confirmed existence of a network
of compromised and anisotropic blood supply as well
as temporal heterogeneity in blood perfusion. Multiple
layers of evidence have evinced pathophysiologic barrier
functionalities of solid tumors to intratumoral drug
delivery. Despite showing enhanced permeability and
retention (EPR) effects due to pore size of 120-1200 nm
among tumor microvasculature endothelial cells and
accumulation of nanoparticles (NPs) within TME,**
solid tumors are able to show several pathophysiologic
barriers to intratumoral drug delivery systems (DDSs)
mainly through (a) high pressure zones and (b) collapsed
blood vessels resultant from high tumor interstitial
pressure (TIP) within TME.®** It seems that such
irregular architecture creates profound difficulties to
blood-borne anticancer agents to reach into the inner core
of solid tumors. In particular, the convective penetration
of macromolecular antineoplastic agents and diffusion
of small molecules within tumor interstitium are largely
dependent on the status of the TIF that will be discussed
in the following sections.

Tumor interstitium

Solid tumors create an important sub-compartment
known as “tumor interstitium’, which is restricted by the
walls of blood vessels on one side and by the membranes
of cells on the other, forming a unique space in favor of
tumor progression and invasion. It can be divided into
(a) the colloid-rich gel space containing the hydrophilic
hyaluronate and proteoglycans, and (b) the colloid-poor
and free-fluid space. Using extracellular/paracellular
markers such as D-mannitol, the tumor interstitial space
has been found to be abnormally large, in which the large
“free-fluid” space seem to display less resistance to the
interstitial transport and may function as a sink/reservoir
for anticancer chemotherapy agents and other blood-
borne macromolecules. This phenomenon seems to play
a key role in terms of the enhanced pressure of TIE, which
has been confirmed by methods such as wick-in-needle
technique or micropipette. For detailed information on
the tumor interstitium and its composition and role in
anticancer drug delivery, reader is directed to see excellent
papers published previously by Jane’s group.**5°0!

A glance at blood flow

While the efficacy of radiotherapy of tumor is dependent
on the local oxygen concentration maintained by the
local blood flow, the effectiveness of chemotherapy and
immunotherapy depends upon blood flow important
for delivery of anticancer agents.” Hence, we briefly will
discuss the blood flow in normal and malignant tissues.
In general, the blood flow rate (Q) in both normal
and diseased tissues is proportional to the pressure
difference (AP) between the arterial and venous ends
of the tissue circulation and inversely proportional to
the flow resistance (R).> The R depends on the vascular

morphologic aspects (e.g., the number, diameter, length,
and volume) of blood vessels and the viscosity of blood.
For the simplest case of laminar flow through a circular
rigid vessel with the diameter/radius of  and the length
of L, the R may be delineated by the Hagen-Poiseuille Law
(Eq. 1):

_ 8L

R - (Eq. 1)
nr

where, R, 71, L and r denote the resistance of the blood flow,
the viscosity of blood, the length of vessel and the radius of
vessel, respectively. And,  is the mathematical constant.
As shown in Eq. 1, the flow resistance is proportional to
the viscosity of blood and the length of vessel and inversely
proportional to the radius of vessel. One may consider the
resistance of the blood flow as a product of the viscosity
for a network of blood vessels, in which a geometrical
resistance (Z) should also be taken into account. Thus, the
blood flow rate through a tissue may be given by Eq. 2:

AP
nz

It should be noted that, unlike normal tissue, the blood flow
in solid tumors is characterized by temporal and spatial
heterogeneity, resulting in profound leakiness.” It should
be noted that, in the normal tissue, even trivial amount of
the extravasated fluid is quickly drained by the lymphatic
vessels resulting in very low interstitial fluid pressure
(TFP), in solid tumor leakiness of the tumor vasculature
and lack of lymphatic vessel as well as increased oncotic
pressure and viscosity dramatically enhance the IFP.>***

The hematocrit and the shear rate of blood appear to
be the main factors by which the apparent viscosity of
blood in large blood vessels is primarily governed. While
the hematocrit has direct impact(s) on the viscosity, the
aggregation of red blood cells (RBCs) at low shear rates
tend to increase the viscosity that can be exacerbated in
the presence of biomacromolecules such as globulins
and proteins/peptides. Such phenomena in microvessels
can enhance the migration of RBCs toward center
and hence the hematocrit is lessened — a phenomenon
known as “Fahraeus effect”. However, as the diameter
of the blood vessels decreases to be comparable to the
diameter of RBCs, both the hematocrit and the viscosity
begin to increase - a trend reversal in the Fahraeus and
the Fahraeus-Lindqvist effects.®* It appears that, within
the TME, factors modulating the apparent viscosity of
blood are changed because of the irregular setting of the
tumor microvasculature as well as the acidification of the
extracellular fluid due to the enhanced glycolysis, which
in turn can affect the circulation of blood and hence
distribution of oxygen and nutrients. Further, in both
healthy and malignant tissues, the blood flow pressure of
the microvessels in the arterial side are nearly equal, while
the venous pressures in tumors are significantly lower
than that of the healthy tissue.” In fact, such decreased
pressure in venular vessels with enhanced TIFP can result
in reduced extravasation of fluid and solute molecules in

0= (Eq.2)
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tumors. This phenomenon tends to be due to the increased
tortuous vessels in solid tumors and the enhanced viscosity
of TIE, which can act as a physiologic barrier.

Capillary system and water traverse

The basic structural bioelements of normal capillary
wall include: (a) the endothelium, (b) the basal lamina
and (c) the pericytes, in which the inner diameter is
between 5 to 10 um with length around 20 to 100 mm.
Such basic architecture of the interstitium shows similar
structures in all tissues, wherein the collagens form the
fiber framework that encompasses a gel phase composed
of (a) 70% water, (b) glycosaminoglycans (GAGs), (c) salt
solution and (d) proteins derived from plasma.* In a solid
tumor, however, there exists an altered reactive tumor
ECM that encompasses an enhanced capillary density,
myofibroblasts and VEGE. The latter biomolecule can
increase the permeability of the tumor microvasculature
and hence enhance the extravasation of the blood-
circulating macromolecules, resulting in filtration of
plasma proteins such as fibrinogen and hence further
leakiness. Of note, the water transition across capillaries
depends on a balance between filtration and reabsorption
following changes in capillary and tissue hydrostatic and
oncotic pressure. Based on Starling Law,” for the normal
interstitial fluid (NTF), the quantitative expression of these
interrelations can be expressed as the equation (Eq.) 3:

S
JV=LP;[(3—13)—O-(HC—H,)]—L 3)

where, ], L, and S/V denotes the amount of net fluid
movement per unit time, the fluid permeability of the
blood capillary and the surface area of capillaries per unit
tissue volume, respectively. P_ and P, respectively denote
the capillary and the interstitium hydrostatic pressures,
and o is the reflection coefficient representing the ease
of solute penetration through the capillary wall (which is
almost zero for small molecules and approximately 1 for
macromolecules). IT and II denote the oncotic pressures
of the capillary plasma and the tissue interstitium,
respectively. L represents the lymphatic drainage, which is
absent within the TME.

As shown in Fig. 3, two hydrostatic and oncotic phases
act to control the water exchange in all tissues. In the
normal tissues microvasculature (Fig. 3A), at the arterial
side of the capillary, where water is filtered, the capillary
hydrostatic pressure is the dominant phase and P, is
significantly greater than IT. However, at the venous end
of the capillary, where water is reabsorbed, the oncotic
pressure is the dominant phase and II_is greater than
P_and P. For NIF, as shown in Fig. 3A, P_values at the
arterial and the venous ends are respectively about 32
mmHg and 15 mmHg (with AP_~18). For TIF, as shown
in Fig. 3B, AP_is about 8, which allows development of a
gradient at the venous end for I1, compared to P, perhaps
due to the greater presence of arteriovenous anastomoses
and enhanced leakiness and tortuosity of the tumor
microvasculature.
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Fig. 3. Blood flow in normal and cancerous tissues. A) In normal

tissue, the P_(capillary hydrostatic pressure) values at the arterial
and the venous ends are respectively about 32 mmHg and 15
mmHg (with AP_~18). B) In solid tumors, P_values at the arterial
and the venous ends are respectively about 32 mmHg and 20
mmHg (with AP_~8), which allows development of a gradient at

the venous end for the /7, (tissue oncotic pressure) compared to
the P, (interstitium hydrostatic pressure).

Such phenomenon, together with lack of lymphatic path,
create a flow of macromolecules toward the interstitium,
in which plasma albumin (responsible for ~70% of
the oncotic pressure of blood flow) is lost, resulting in
enhanced I7, in the interstitium of TME (i.e., ~20 mmHg)
in comparison with the interstitium of the normal tissues
(i.e., ~0-10 mmHg). For detailed information, reader is
directed to see some following references.?**>3%3658

Importance of tumor flow and interstitium

The tumor vasculature endothelia display loose non-
integrated interconnections with intercellular openings,
which can be worsened by proangiogenic factors (e.g.,
VEGF) and vasoactive factors such as bradykinin, nitric
oxide (NO) and peroxynitrite (ONOO-) produced by
tumor cells. These events, together with defected functions
of pericytes, are able to make tumor microvasculature
more permeable and leaky, resulting in intensified
fluid exchange between the tumor vasculature and the
interstitial space within TME.*

In short, as shown in Fig. 3, tumor vasculature endothelia
appear to be non-obedience from the Starling Law because
they show irregular behavior within the TME, wherein
the arterial venous pressure difference shows significant
less difference than that of the normal vasculature,
resulting in decreased reabsorption rate. Such diminished
reabsorption together with marked leakiness in tumor
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vasculature can inevitably originate an inadvertent flow
of macromolecules into tumor interstitium, resulting in
high pressure TIF with increased viscosity.***** Thus,
the accumulation of the blood flow and preservation
of macromolecules carries an increase in TIF pressure,
which can in turn hamper the delivery and distribution of
chemotherapies in particular macromolecular drugs such
as immunotherapy agents.

In addition to the tumor interstitium barrier functionality,
using various technologies (e.g., MS-based proteomics,
LC-MS/MS or “shotgun” strategy, array-based
proteomics), the TIF represents upregulation of some
important proteins such as 14-3-3 zeta, AKRIA, AR,
Calreticulin, CRABP-II, CLIC1, EF 1f, EF-2, Galectinl,
GSTP-1, Importin B1, Ppase, IDH, LDH-B, PRDX2,
PGAM-B, PD-ECGE PCNA, PDI, DJ-1, TCP 1-epsilon,
TCP 1-theta, Trx, TIM, TPMa4, UCTH 5. Of these TIF
markers, 9 proteins (i.e., Calreticulin, CRABP-II, CLICI,
EF 1B, Galectinl, PRDX2, PD-ECGE PDI and UCTH 5)
seem to be the blood circulating molecular markers which
can be used for early detection of various solid tumors.?

Modulation of tumor interstitial fluid pressure

To control the hypoxia and the formation of aberrant
TIF as well as the increased TIFP, several strategies have
so far been designed (a) to improve the oxygenation
process and/or (b) to decrease the oxygen consumption
in solid tumors.

Targeting VEGF

In addition to carbogen breathing during radiotherapy
of solid tumors, blood vessel normalization approach
through inhibition of VEGF (using bevacizumab) and
VEGFR2 (using DC-101) seems to significantly increase
the oxygenation of tumor, sensitizing malignant cells to
treatment modalities. Anti-VEGF therapy were shown to
alter the structure of the immature vessels and improve the
perivascular cell coverage and structure of ECM, resulting
in normalization of tumor vessels.®

Nevertheless, there exists some controversy on the
impacts of VEGFs in tumor vasculature systems. For
example, Hafmann et al. (2013) recently reported that
peritumorally injection of VEGF-C in xenograft mice
could induce lymphangiogenesis, and thereby resulting in
significant reduction of the tumor growth and the TIFP*

Targeting PDGF

Imatinib (STI-571), as a tyrosine kinase inhibitor, was
also shown to suppress the platelet derived growth
factor (PDGF) receptor beta (PDGF-Rp), resulting in
the lowered TIFP in some solid tumors such as thyroid
carcinoma and colon carcinoma.”” In addition to the
lessened TIFP, the inhibition of PDGF was reported to
increase the penetration of paclitaxel (PTX) in KAT-4
tumors in SCID mice and fluorouracil (5-FU) in PROb
tumors in syngeneic BDIX rats.®

Nicotinamide

The amide form of vitamin B3, nicotinamide, has been
used for its capacity to decrease the TIFP in tumor-bearing
mice.** The mechanism of lessened TIFP appeared to be
related to the reduction of vascular resistance in a tumor-
size dependent manner.%

Chemotherapies

Of the chemotherapy agents, it was reported that PTX
is able to reduce TIFP in some tumors such as murine
mammary carcinoma, human soft tissue sarcoma and
breast cancer.®% Importantly, Taghian et al. capitalized
on some important clinical investigations and confirmed
such effects of PTX in breast carcinoma.®

Dexamethasone

In 1986, Braunschweiger and Schifferd reported that
dexamethasone (DEX) can have profound effects on
vascular function and water compartmentalization in RIF-
1 tumors.”” Later, Kristjansen et al. evaluated the effect of
DEX on TIFP in a human colonic adenocarcinoma in vivo
model. They reported that the daily i.p. injection of DEX
to LS174T tumor-bearing SCID mice (with 3-, 10-, and
30-mg/kg) was able to significantly reversibly reduce the
TIFP, in part as a result of decreased permeability of tumor
microvascular and vascular hydraulic conductivity.®®

Remodeling of ECM

Some studies have shown that remodeling of ECM may
also lead to an increased microcirculation of tumor with
lowered TIFP. Of various bioelements of ECM within
TME, hyaluronan (the so-called hyaluronic acid (HA) or
hyaluronate) plays a key role in tumor cell adhesion and
migration. HA, which is largely networked with GAGs,
is deemed to modulate the extracellular water. Having
interacted with cellular elements such as receptors, it plays
a pivotal role in signaling pathways and biofunctions of
cancerous cells. Removal of HA can lead to remodeling
of the tumor stroma, reduction of TIFP, development of
tumor blood vessels, acceleration of anticancer agents
penetration into tumor, which literally result in inhibition
of tumor.® 7 There exist compelling evidence that the
administration of exogenous hyaluronidase can impose
significant anticancer activity in HA-overexpressing
tumors,”" however local endogenous hyaluronidase
expression within the TME appears to function as a
cancer promoting agent in various solid tumors.”>”* Direct
intratumoral injection of bovine testicular hyaluronidase
in orthotopic osteosarcoma xenograft nude mice was
shown to reduce the TIFP by 63-84% in a non-linear
concentration-dependent manner.”! Recombinant human
hyaluronidase, halozyme (Hylenex™) also known as
rHuPH20, is a FDA-approved enzyme that can reversibly
degradethe HA afters.c.administrationand hencefacilitate
the absorption and dispersion of injected chemotherapy
agents. While it is rapidly inactivated in the body and also
not survived in the blood, its PEGylated form (PEGPH20)
has recently been introduced into clinical trials (trial
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IDs: NCT00834704, NCT01170897, NCT01959139). It is
expected these trials provide promising outcomes.

Prostaglandin

To control the TIFP, Rubin et al. have capitalized on
the administration of prostaglandin E1 methyl ester
(PGE1) in the s.c. tissue surrounding transplanted rat
colonic (PROb) carcinomas or chemically-induced rat
mammary carcinomas and looked at the transport of
ethylenediaminetetraacetic acid (EDTA). Upon such
intervention, these researchers showed a lowered TIFP
by 30% together with an enhanced transcapillary traverse
of EDTA into the interstitium of PROb tumors (up to
39.6%).” These findings have been reconfirmed in a
study conducted by Salnikov et al., who coadministered
PGEI and 5-FU in tumors xenograft rats and showed a
significant tumor inhibitory effect of 5-FU mainly due
to the lowered TIFP, and hence purported a synergistic
anticancer effect by these two agents.”

Hyperthermia

The basis of hyperthermia treatment modality is the use of
heat to decrease the TIFP and to increase the blood flow
within TME. Leunig et al. applied alocalized hyperthermia
in Amelanotic melanoma bearing Syrian golden hamsters
and showed a thermal dose-dependent decrease in IFP,
in which the hyperthermia treatment at 43 °C for 30-60
min was able to significantly lower the TIFP.”” Likewise, to
study the delivery of anticancer immunotherapy agents,
Hauck et al. used a local hyperthermia (41.8 °C for 4 h)
and showed significantly enhanced uptake of radiolabeled
mAbs in D-54 MG glioma xenograft athymic mice.”®
Although these scientists rejected the involvement of
reduced TIFP in the enhanced uptake of mAbs in the
human glioma xenograft model, it can be speculated that
possible increased blood flow could be responsible for
such an enhanced uptake of mAbs.

Fighting tumor interstitium by seamless nanomedicines
Technically, to reach the cancerous cells within the TME in
solid tumors, chemotherapy and immunotherapy agents
need to (a) enter tumor blood vessels, (b) cross the vessel
wall, and (c) migrate through the interstitium. While
the tumor microvessels are in general more permeable
to macromolecules than normal vessels, the TIFP often
acts against such molecular movement. Further, the
traverse of hydrophilic and macromolecular therapeutics
seem to be much more problematic because of the acidic
microenvironment of solid tumors that can change the
ionization pattern of the therapeutics.

Proof of concept

There exists a relationship between the molecular
weight (MW) and the permeability of the tumor
microvasculature, and a positive relationship between
the plasma half- life and MW increase. In general, it can
be stated that the greater the plasma half-life, the higher
the chance of the extravasation and accumulation of

therapeutics in TME. Dreher et al. (2006) reported the
greater accumulation of dextrans with MW of 40 and 70
kDa, but homogeneous and deeper penetration of dextrans
with MW of 3.3 and 10 kDa in tumor. They inferred that
the increasing the MW of macromolecules improved the
accumulation of macromolecules within solid tumors but
significantly lowered the vascular permeability because
macromolecules appeared to largely concentrate at the
vicinity of the vascular surface unable to penetrate deeper
into the core of tumor. This is an important finding which
may lead us towards designing much more efficient and
advanced multifunctional nanomedicines and nanoscaled
theranostics.” In addition, it is now well understood that
NPs are able to penetrate the mucus barriers abundant
in solid tumors through their multitude of traits (size,
charge density, and surface functional groups) that can
all be tailored to achieve optimal penetration of NPs into
the thick and fibrous mucus barriers.*” On the basis that
the delivery of NPs into solid tumors is dependent on not
only the TIFP but also the vessel density and collagen
content within the TME, Torosean et al. showed that the
quantitative uptake of 40 nm fluorescent beads in tumor-
bearing mice correlate with the vascular permeability
through the growth of the neovasculature, while it
inversely correlate with the function of collagen density
and TIFP* Hence, all these influencing parameters have
to be taken into account in order to achieve better clinical
outcome of the advanced nanomedicines.

Magnetic nanofluid hyperthermia

Ofvarious techniques used, salvage therapy of solid tumors
has been conducted using magnetic fluid hyperthermia
modality.** In a clinical investigation, Wust et al. applied
such modality in 22 patients suffering from heavily
pretreated recurrences of different tumors. They used
the hyperthermia in conjunction with irradiation and/
or chemotherapy, capitalizing on three implantation
methods of (a) infiltration under CT fluoroscopy, (b)
transrectal ultrasound - guided implantation with
X-fluoroscopy, and (c) intra-operative infiltration under
visual control. The results showed that the instillation
of such treatment modality was well tolerated without
or with only moderate side effects with a 40°C heat-
coverage of 86%. They also purported that an improved
temperature distribution can be attained through refining
of the implantation techniques, increasing of the nanofluid
amount, or elevating of the magnetic field strength. And,
on the basis of the actual NPs distribution and derived
temperatures, they inferred that a reasonable escalation of
the H-field (by only 2 kA/m) could markedly improve the
42°C coverage towards ~100%, which indicates excellent
applicability of the nanofluid-based hyperthermia.®

For rationalized utilization of magnetic nanoparticles
(MNPs), in 2011, Dutz et al. conceptualized that the
movement and relaxation behavior of MNPs within TME
is an important matter because it determines their specific
heating potential. To this end, tumor xenograft mice were
injected with multicore MNPs and their behaviors were
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evaluated using magnetic field (H = 25 kA m(-1), f = 400
kHz). Their findings resulted in compelling evidence for
MNPs immobilization and hence improved relaxation
behavior of MNPs, at which they extrapolated that the
mobility of MNPs must be taken into account for much
more accuracy of the hyperthermia.®

Improved interstitial transport of NPs by enlargement of
extracellular space

To improve the penetration of macromolecules into
tumor interstitium, McGuire and Yuan aimed to improve
the transport through enlargement of extracellular
space. Using tumor xenograft rat, they theorized that
treating tumors with hypertonic solution of mannitol
and cytotoxic agents such as ethacrynic acid (ECA)
could respectively shrink and kill the cancerous cells. For
improved interstitial penetration of dextran (with various
MW), they showed that the impact of hypertonic solution
was more effective than ECA, in which the impact was
largely dependent upon the size of macromolecules.
Based on these findings, they proposed that increases in
both size and connectedness of interstitial pathways are
important factors towards improved interstitial transport
of macromolecules and NPs.*

Multistage nanosystems

For selective and improved delivery of NPs into tumors,
Stylianopoulos et al. devised multistage NPs with initial
size of ~100 nm. However, once in TME, the engineered
NPs were able to shrink to ~10 nm and hence could
effectively cross the tumor interstitial space and penetrate
into the deeper core of solid tumors. They capitalized on a
simple methodology based upon the ECM characteristics
of solid tumors. To achieve such size transition within
TME, they exploited the matrix metalloproteinase (MMP)
enzymes overexpressed in the TME for degradation of the
gelatin-based NPs to smaller NPs. They engineered gelatin
NPs (~100 nm in diameter) and grafted them with amine-
functionalized PEGylated quantum dots (amino-PEG-
QDs). Once inside the TME, these NPs were degraded
by MMP into smaller NPs (~10 nm in diameter), which
were able to release the cargo into the TME. Using the
intravital microscopy (IVM), the smaller NPs were shown
to penetrate into deeper core of the tumor in human
tumor xenograft animal models. These results confirmed
the proof of principle of the strategy, which is in accord
with the studies reported by Wong et al. who showed that
the activity of the enzyme in HT1080 soft tissue sarcomas
was sufficient to degrade the gelatin and release the QDs
(10 nm) conjugated to NPs.*”

Enzyme responsive nanomedicines

In 2012, Kim et al. reported development of esterase-
responsive NPs labeled with '"'In and loaded with a high
content of dexamethasone palmitate (DEX-P) which is a
chemotherapeutic adjuvant for lowering the TIFP in solid
tumors. While no apparent hepatic or renal toxicity of the
DEX-P NPs were observed, the conversion of DEX-P to

DEX was shown to occur upon exposure of NPs to the
tumor homogenate and ascites from the tumor bearing
mice, but not the human plasma.*

Improved extravasation of nanoliposomes

The impact(s) of hyperthermia was also studied for
improved tumor vasculature permeability and subsequent
extravasation of liposomes as well as interstitial penetration
in tumor-bearing mice.® Using IVM, it was found that
implementation of a local hyperthermia at 41°C for 30
min was able to impose the extravasation liposome (~85
nm) through permeable tumor vasculature in all tumor
models studied. It should be highlighted that the tumor
vasculature was shown to remain permeable for 8h after
applying the hyperthermia. The researcher concluded
that a thermal dose of 41°C for 1h could effectively elicit
a long-lasting permeability to tumor microvasculature
for the extravasation and interstitial penetration of the
engineered nanoliposomes.*

Targeted nanomedicines and theranostics

On the ground that low MW HA (<10 kDa) is able to
elicit inadvertent inflammatory responses (e.g., induction
of cytokines, chemokines, reactive nitrogen species and
growth factors), Mizrahy et al. devised low and high
MW HA coated lipid-based NPs to target the tumor cells
expressing HA receptor (CD44). Once administered
in tumor-bearing mice, they found that low MW HA
decorated NPs displayed low binding affinity to the CD44
and high MW HA decorated NPs exhibited high binding
affinity to the receptor. However, none of them appeared
to induce the biosynthesis of cytokine(s) after intravenous
injection of NPs to the healthy C57BL/6 mice, indicating
no activation of immune system. Further, administration
of high MW HA decorated NPs resulted in an enhanced
circulation time and tumor targeting specificity, in part due
to greater accumulation within TME. These researchers
also showed high encapsulation capacity of high MW HA
decorated NPs for anticancer cytotoxic agent methotrexate
(MTX), whose liberation from NPs tend to be slow with a
half-life of 13.75 days, mainly because of the active cellular
targeting rather than EPR effect.*”

Gold nanoparticles (AuNPs), which possess important
multi-wavelength photoacoustic ~characteristics used
for simultaneous imaging and photodynamic/thermal
therapy,”* can be easily tailored towards seamless
multimodal nanomedicines and theranostics. In one
study, the pharmacokinetics and micro-distribution of
Ab-mediated active targeting AuNPs were investigated in
mice with subcutaneous lung carcinoma.” AuNPs were
conjugated with cetuximab (C225) for active targeting
of EGFR and labeled with '"In. Once administered as
PEGylated AuNps in A549 tumor xenograft mouse model,
MicroSPECT/CT imaging revealed a high biodistribution
of Ab-armed AuNPs in the tumor cells, in which majority
of AuNPs appeared to linger within the tumor interstitium
through active binding to EGFR expressing cells.” Since
AuNPs possess photoacoustic properties, they are deemed
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to be one the most applicable tools for implementation
of hyperthermia in order to elevate the blood flow and
lower the TIFP.

Final remarks and expert opinions

Functional presence of pathophysiologic barriers of
solid tumors is now an incontrovertible issue. Such
barrier functionalities arise from (a) aberrant tumor
microvasculature, (b) lowblood flow and microcirculation,
(c) high interstitial fluid pressure, and (d) abnormal tumor
cell layers’ architecture. As a result, effective delivery of
anticancer agents into solid tumors is hampered, and
even if delivered, their penetration into deeper core of
TME is hindered by several opposing pathophysiologic
mechanisms of tumor. Despite being partially effective, due
to these complex physiologic mechanisms emerged within
TME, the currently used conventional chemotherapies
and even targeted molecular modalities may fail to
completely reach the cancer stem cells reclined within the
deeper core of tumor interstitium waiting to wake up and
invade. Hence, ultimate therapy of cancer needs advanced
DDSs and novel strategies.”***'> Among various DDSs,
we have previously reported that the synthetic polymers
and lipids can inevitably induce inadvertent alterations in
genomic and proteomic levels.'”>'” Therefore, developing
biocompatible smart multifunctional nanosystems may be
one of the few chances left. In addition to high pressure of
TIE of the typical characteristics of tumor microvasculature
is their discontinuous and fenestrated morphology with
gaps and pores between endothelial cells with pore sizes
ranging from 120 to 1200 nm.?® Thus, NPs at a range of
100-250 nm can present substantial extravasation via EPR
effect.!’” However, even after accumulation of NPs within
TME, they often fail to penetrate into deeper sections
of tumor resulting in untouched remaining group of
cells with ability to materialize lethal relapse in patients
who underwent the conventional chemotherapies.
Hence, we need to devise ingeniously effective cancer
treatment modalities such as seamless multimodal
nanomedicines and theranostics. We are now aware of
the impacts of the physicochemical properties of NPs
(i.e., size, shape and surface charge and properties),
surface chemistry (PEGylation, ligand conjugation) as
well as the composition of the entrapped drugs in NPs
and nature of the delivery system (e.g., polymer, lipid,
MNPs, AuNPs, micelles) used for the formulation of
NPs, which literally influence the pharmacokinetics,
biodistribution, intratumoral penetration and even tumor
bioavailability. However, on the other hand, it seems that
we have underestimated the impacts of tumor biology
(i.e., blood flow, perfusion, permeability, interstitial fluid
pressure and stroma contents) as well as patient-based
parameters, which can also pose profound influences
on the final aims of cancer treatment strategies.''' We
have previously discussed that pH dysregulation within
TME can hamper the cancer therapy, no matter what the
treatment modality is! In addition, the pathophysiology
traits of the tumor microvasculature and interstitium

should be highlighted,*">'"* It must be noted that
a high interstitial tension inside TME may result in
at least two important clinical implications as (a)
prognostication of tumor cell seeding into the blood and
lymphatic circulation, and (b) possible failure of cancer
therapy modalities through hampering the traverse and
penetration of anticancer macromolecular therapeutics in
tumor. Therefore, our next step for cancer therapy seems
to be the combination therapy using specific inhibitors of
TME bioelements involved in pH dysregulation, TIFP and
aberrant microcirculation using advanced multifunctional
nanomedicines and theranostics.
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