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Abstract

Advances in molecular medicine have led to identification of worthy cellular and molecular targets
located in extracellular and intracellular compartments. Effectiveness of cancer therapeutics is
limited in part by inadequate delivery and transport in tumor interstitium. Parts | and Il of this
report give an overview on the kinetic processes in delivering therapeutics to their intended targets,
the transport barriers in tumor microenvironment and extracellular matrix (TME/ECM), and the
experimental approaches to overcome such barriers. Part 111 discusses new concepts and findings
concerning nanoparticle-biocorona complex, including the effects of TME/ECM. Part IV outlines
the challenges in animal-to-human translation of cancer nanotherapeutics. Part V provides an
overview of the background, current status, and the roles of TME/ECM in immune checkpoint
inhibition therapy, the newest cancer treatment modality. Part VI outlines the development and use
of multiscale computational modeling to capture the unavoidable tumor heterogeneities, the
multiple nonlinear kinetic processes including interstitial and transvascular transport and
interactions between cancer therapeutics and TME/ECM, in order to predict the /n vivotumor
spatiokinetics of a therapeutic based on experimental /n vitro biointerfacial interaction data. Part
VI provides perspectives on translational research using quantitative systems pharmacology
approaches.
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1. Introduction

Advances in molecular genetics and medicine, nanotechnology and pharmaceutical sciences
have broadened the scope of cancer therapeutic targets. In addition to tumor cells,
components in the tumor microenvironment (TME) have emerged as clinically important
targets. TME is a complex strcuture comprising cells, blood vessels, cytokines and
extracellular matrix (ECM). The three major cell types in TME are fibroblasts,
inflammatory/immune cells, and endothelial cells; these cells secrete or express cytokines
and chemokines that interact with tumor cells [1]. ECM proteins, primarily collagen and
fibronectin, are synthesized and deposited by fibroblasts, and represent a major fraction of
larger tumors. Classes of cancer therapeutics include the traditional small molecules,
macromolecules (e.g., proteins, antibodies), bioconjugates, viral vectors, and nanoparticle
(NP) carriers (e.g., liposomes, micelles, and polymeric NP) [2]. These agents target tumor
vasculature (e.g., anti-angiogenics), tumor interstitium (e.g., diagnostics or therapeutics
targeting extracellular proteins), cell membrane (e.g., antibodies), and intracellular
compartments such as the cytosol (e.g., RNAI, drugs targeting cytosolic proteins) [3-5] and
nucleus (e.g., DNA gene vectors, DNA-active drugs) [6,7]. Their utility depends on their
ability to reach their sites of action [8], which in turn is partly determined by TME and
ECM. The goals of this report are to outline the processes and determinants of the delivery,
transport and residence of cancer therapeutics and their NP carriers in solid tumors. The
unique challenges and opportunities for nanomedicines, RNAI gene therapeutics and
immune checkpoint therapy are also discussed.

As most cancer therapeutics are administered by intravenous injections, this review will
focus on the transfer from blood to target sites. For the orally active agents such as tyrosine
kinase inhibitors, additional processes governing the transport into the systemic blood,
including absorption from the gastrointestinal tract and hepatic first pass elimination, are
additional considerations.

This review comprises seven parts. Part | outlines the transfer processes of cancer
therapeutics from the injection site to tumor interstitium, and Part 11 the processes from
interstitium to cellular and intracellular targets; the barriers for delivery and the approaches
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to overcome these barriers are summarized. Part 111 discusses the interactions of therapeutics
with components of TME and ECM, e.g., formation of NP biocorona. Part IV outlines the
challenges in animal-to-human translation of cancer nanotherapeutics. Part V is a review of
immune checkpoint inhibitors, the newest therapeutic group with demonstrated clinical
benefits in cancer patients, and a discussion of the potential roles of TME/ECM in
determining their treatment efficacy. Part VI introduces the concept of using computational
modeling tools to account for the dynamic changes in the properties of the therapeutics (e.g.,
protein binding, binding to targeted ligands) and for the spatial- and time-dependent changes
in the tumor properties (e.g., intratumoral heterogeneities in vessel density and tumor cell
density, growth- and treatment-induced changes). Examples of successful use of multiscale
modeling to quantify the effects of the properties of therapeutics and tumors on the delivery
and spatiokinetics of cancer therapeutics in tumors are discussed. Part VIl provides
perspectives on translational research using quantitative systems pharmacology approaches.

Most of the subject matters covered in Parts | and Il have been well researched and multiple
reviews, including several from our group, are available. Please see our earlier reviews [5,9-
14] for more details and additional relevant references.

2. Part I. Delivery of cancer therapeutics from injection site to tumor

interstitium

2.1. Processes

Figure 1 outlines the processes for the transfer of cancer therapeutics from injection site to
tumor interstitium [5,9-14]. After a systemic administration (e.g., intravenous injection), a
therapeutic undergoes elimination, e.g., v/a hepatic metabolism, renal excretion and
degradation by enzymes in blood. Drug carriers such as lipid or polymeric NP are also
subjected to surface opsonization and subsequent entrapment by the phagocytic system and
cells in the reticuloendothelial system (RES, e.g., macrophages, Kupffer cells). Second, the
delivery, transport and residence of the therapeutic to and at the target site involves multiple
kinetic processes that in turn are determined by the properties of the therapeutic (e.g., size,
surface charge, protein binding) and the tumor (e.g., blood flow, lymphatic drainage, tumor
cell density, intratumoral pressure gradient, ECM).

2.1.1. Tumor blood flow—The following summarizes the transport of a therapeutic from
the injection site to tumors via systemic blood circulation [5,9-14]. There are substantial
differences in blood perfusion between tumors and normal tissues. In general, tumors show
greater blood viscosity due to the presence of tumor cells and large molecules (e.g., proteins
and collagen), and have more tortuous and less well organized blood vessels, producing the
net result of a greater flow resistance and lower average blood flow. On the other hand,
tumor vessels are more leaky due to the discontinuous endothelium and greater vascular
permeability secondary to the elevated levels of vasoactive and growth factors. The
distribution of blood vessels in a tumor is affected by the tumor size and is spatial-
dependent. Small tumors (<2 mm) receive their blood supply from surrounding host tissues,
whereas larger tumors are supported by newly formed microvessels. There is substantial
intratumoral heterogeneity with respect to blood perfusion in solid tumors. A solid tumor
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typically comprises three major regions: (a) avascular necrotic region with no vasculature,
(b) semi-necratic region containing capillaries, pre-and post-capillaries, and (c) stably
perfused region containing many venous vessels and few arteriolar vessels. Larger tumors
usually show lower density of blood vessels and cells in the center compared to the
periphery and higher avascular-to-well-perfused area ratio and greater distance between
capillaries. These heterogeneities contribute to uneven drug distribution within solid tumors
and the lower weight-adjusted drug concentration in larger tumors. Because blood vessels
are mainly veins/venules in the tumor interior and arteries/arterioles in the periphery, the
blood flow, which is determined by the arteriole-venule pressure difference, is negligible in
the interior and is greater in the periphery.

2.1.2. Extravasation—After entering a tumor, the therapeutic leaves the intravascular
space to enter the interstitium (i.e., extravasation) [5,9-17]. This process is summarized
below. The major pathway of transport across tumor microvascular wall is by extravasation
via diffusion and/or convection through the discontinuous endothelial junctions, whereas
transcytosis plays a relatively minor role. Transport of small molecules is mainly by
diffusion, whereas transport of large molecules or particulates is mainly by convection.
Diffusion depends on diffusivity and concentration gradients of the therapeutic, whereas
convection depends on the fluid flow driven by hydraulic conductivity and pressure
difference within the tumor. For example, transvascular fluid transport is driven by the
hydrostatic pressure and by the osmotic pressure due to differences in the protein levels
between intravascular and interstitial space. Leakiness in tumor vessels enhances diffusivity
and hydraulic conductivity and thereby promotes extravasation. But this, together with
interstitial fibrosis and interstitial space contraction caused by stromal fibroblasts in solid
tumors, also elevates the interstitial fluid pressure (IFP) and reduces transvascular fluid
transport and extravasation. After extravasation, drugs or particulates move through
interstitial space to reach tumor cells located distal to blood vessels.

2.1.3. Interstitial transport—Two major components of a solid tumor are tumor cells and
ECM. Both constitute significant barriers to interstitial transport [5,9-14].

ECM comprises fibrous proteins (e.g., collagen, elastin) and polysaccharides (e.g.,
hyaluronan, glycosaminoglycan) [18]. These proteins are a source of physical resistance to
diffusional transport and are associated with lower hydraulic conductivity and lower
convective flow in interstitium. Collagen appears to contribute more to transport resistance
compared to glycosaminoglycan or hyaluronan, e.g., diffusion coefficient of 1gG is inversely
related to the collagen content in a tumor. Enzymes that degrade tumor ECM materials, such
as collagenase and hyaluronidase, promote intratumoral dispersion of small molecules,
macromolecules (e.g., monoclonal antibodies) and NP (e.g., liposomes); collagenase is more
effective for larger molecules and NP whereas hyaluronidase is more effective for smaller
molecules such as doxorubicin [5,19-22]. Of note is that collagenase also promotes T cells
penetration in tumors, which may have relevance in immunotherapy (see Part V).

Binding of drugs or their NP carriers to ECM and cell membrane (e.g., receptors) reduces
the unbound drug/NP concentration available for interstitial transport. The binding barrier is
more significant for active targeting NP due to the high specificity and affinity between the
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targeting ligand and receptors [5,23]. This property is likely to affect the formation of
biocorona on NP and consequently the transport and residence of NP in tumors (see Part I11).

2.1.4. Tumor lymphatic drainage—The lymphatic system, which is responsible for
clearing macromolecules and large particles and returns the interstitial fluid into the blood
circulation, is impaired in solid tumors. This poses two opposing effects on therapeutic
delivery and transport: reduces clearance from tumor interstitium but also limits the fluid
flow and thereby retards convection-mediated extravasation and interstitial transport (see
Extravasation) [5,9-14].

2.2. Approaches to improve delivery, interstitial transport and retention of therapeutics in
solid tumors

Various approaches have been evaluated [5,9-14].

2.2.1. Enhance blood-to-tumor transport and extravasation—Approaches to
improve drug delivery to tumors include the following. (a) Modulation of intratumoral
pressure gradients to promote extravasation. This is accomplished by elevating the
microvascular pressure using angiotensin I, or decreasing IFP using physical methods (e.qg.,
hyperthermia) and chemical methods (osmotic agent mannitol) [24-28]. (b) Targeting tumor
vasculature by using cationic NP. The cationic NP, through electrostatic interactions, localize
on the luminal endothelial membrane of blood vessels [29-31] and are preferentially (15-30
times higher) taken up by angiogenic tumor endothelium relative to normal tissues [32]. This
approach provides greater tumor delivery relative to the passive EPR targeting [33].
Selective targeting of tumor vasculature is further achieved by conjugating NP with tumor
endothelium specific ligand, e.g., integrin a,f3 [34,35]. (c) Normalization of tumor
vasculature using pharmacological approaches (topoisomerase Il inhibitor, anti-angiogenic
agents). The normalized vasculature is less permeable, less dilated, less tortuous, and shows
more normal basement membrane and greater pericyte coverage. However, these changes are
associated with decreased IFP and increased tumor oxygenation, produce unpredictable
outcome, reduce the capillary pore size to limit the extravasation of small NP (<20 nm), and
do not improve the delivery of liposomal doxorubicin (85 nm). In addition, benefits from
normalization are transient due to vascular cell apoptosis and the resulting reduced vessel
density [12,36-39]. (d) Enhance extravasation using vasodilators such as nitric oxide-release
agents, nitroglycerin, angiotensin converting enzyme inhibitors, or prostaglandin E1 agonist
[40-47]. (e) Enzymatic degradation of ECM (e.g., collagenase, hyaluronidase). (f) Tumor-
priming using cytotoxics to transiently increase interstitial space (e.g., tumor necrosis factor-
a, paclitaxel, radiation) (see also 2.3.3).

2.2.2. Passive targeting via enhanced permeability and retention—Solid tumors
have two properties that favor drug/particulate accumulation and retention in tumors, i.e.,
leaky tumor blood vessels allow large molecules to extravasate whereas defective lymphatic
drainage decreases the clearance of compounds from tumor interstitium, referred to as the
enhanced permeability and retention (EPR) effect [47,48]. For EPR, retention plays a larger
role relative to extravasation. EPR is predominant for compounds with molecular weights
larger than 40 KD but negligible for smaller molecules that readily redistribute to blood
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circulation v7a diffusion and/or convection. EPR is affected by the tumor size with a greater
EPR in smaller tumors [47]. This is likely because of the greater vessel density allowing for
more extravasation in smaller tumors compared to larger tumors with greater fractions of
avascular regions [5,9-14].

2.3. Unique issues for nanomedicines

Nanotechnology has emerged as an important tool in cancer translational research. NP pose
several advantages: (a) improve the solubility of hydrophobic compounds, (b) protect a
molecule from undesirable interactions with biological milieu components (e.g., reduce its
metabolism or degradation), and (c) favorably alter the distribution and provide passive
targeting of solid tumors due to the EPR effect [5,47,48]. NP can be used to deliver
diagnostics and therapeutics, including small and large molecules, gene vectors, and
biosensors, to tumor interstitium, cell membrane, or intracellular compartments [5]. As NP
are versatile and can be made of different types of materials, and can have different sizes,
surface charges, and surface modifications, there is the potential to tailor the design of NP
for their intended functions [5]. On the other hand, the properties of NP affect its delivery to
tumors, as follows.

2.3.1. Effects of nanoparticle properties on blood-to-tumor transfer—The NP
size determines its extravasation from blood vessels, with the capillary pore size posing as
the upper size limit [5,10,12,14]. After extravasation, the smaller NP are widely dispersed
and show deeper penetration in the interstitium relative to larger NP that are localized in
peri-vascular space [49]. Generally, a size of less than 200 nm is favorable for extravasation
as well as interstitial transport. Surface charge of NP is another important determinant. The
general view is that surface charge affects the NP clearance from systemic circulation, in
part due to interactions with blood components (e.g., immunoglobulins); resulting in surface
opsonization and subsequent entrapment in the RES system that resides predominantly in
liver and spleen [50,51]. For example, cationic liposomes are rapidly eliminated by the RES
system, a property that limits their efficacy and utility as a delivery vehicle [52]. In vitro
studies show that negatively charged NP are removed by macrophages [53], suggesting their
susceptibility to RES clearance. The types, quantities and conformations of the opsonins are
determined by NP chemistry. Similarly, interactions of positively- or negatively-charged NP
with ECM components may hinder their penetration and dispersion in tumor [54].

Surface modifications using hydrophilic and flexible polyethylene glycol (PEG) and other
surfactant copolymers (e.g., poloxamers, polyethylene oxide) limit the protein absorption on
the particle surface and thereby provide stealthness and protect NP against RES entrapment
and prolong the NP circulation time [5,11,55-57]. On the other hand, pegylation may
neutralize the positive surface charge that facilitates endocytosis, and high affinity binding to
cell surface receptors may limit the interstitial transport [5,11,58].

2.3.2. Approaches to enhance nanoparticle delivery to tumors—Approaches
aiming at improving the delivery of NP therapeutics to their intended targets include some of
the approaches listed in the above sections, and some approaches that derive from the known
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effects of selected NP properties. An example of the latter is the use of the RES entrapment
feature to target siRNA delivery to the liver [59,60].

2.3.3. Tumor priming to promote extravsation and interstitial transport—Tumor
priming refers to using apoptosis-inducing agents to promote tumor transport and is based
on the following observations. Our group made the observation in a 3-dimensional /n vitro
model (i.e., animal tumor fragments) that paclitaxel, by inducing apoptosis, reduces tumor
cell density and increase the fraction of interstitial space, and thereby promotes its own
interstitial transport; the same was observed for doxorubicin [9,61]. This tumor fragment
model is devoid of blood or fluid flow and therefore does not involve convective transport.
Hence, our finding indicates tumor priming significantly enhances the drug diffusivity. A
separate study by another group using an /n vivo model found that paclitaxel apoptosis leads
to vessel decompression [62]. We next used a combination of /n vitro and in vivo models to
demonstrate that a minimum level of about 10% drug-induced apoptosis is required for
tumor priming to be effective [10,63]. Under /n vivo conditions, apoptosis-inducing
paclitaxel treatments produced a transient increase (from 24 to 96 h) in interstitial space or
porosity that led to (a) expansion of patent vessels and blood-perfused area (without
affecting the vessel length or density), resulting in greater extravasation of NP, and (b)
higher diffusivity and hydraulic conductivity, resulting in greater interstitial transport; these
tumor structural changes collectively promoted the delivery and intratumoral dispersion and
the efficacy of pegylated liposomal doxorubicin (85 nm diameter) [63,64]. The tumor-
priming effects, due to the higher susceptibility of tumor cells to apoptosis, are tumor-
specific and not observed in normal tissues [5,64]. In a more recent study, paclitaxel tumor
priming was found effective in promoting the delivery and transfection efficiency of SiRNA
therapeutics injected intraperitoneally or intravenously [65,66]. The effectiveness of tumor
priming using paclitaxel or other apoptosis-inducing agents has since been verified by
several other laboratories [67-70].

3. Part Il. Delivery of cancer therapeutics to cellular and intracellular targets

Please see our earlier reviews for additional details and references [5,9-14]. Figure 2 shows
the steps in the transport of a therapeutic from extracellular space to intracellular targets: (a)
attachment to cell membrane through non-specific or specific binding, which in general
facilitates the subsequent internalization, (b) internalization by endocytosis (followed by
release from endosomes), membrane fusion, or diffusion, (c) transport in cytoplasm to
intracellular cytoplasmic organelles or nucleus. A fraction may be released back to the
extracellular space viaexocytosis. Each of these processes are controlled by multiple factors,
with additional and different determinants for NP, as follows [5,12,58].

3.1. Cell surface binding

Non-specific binding of a therapeutic to cell surface occurs due to electrostatic interactions,
e.g., long-range van der Waals forces, short-range Born repulsive forces resulting from
overlapping electron clouds, steric repulsive forces induced by the cell membrane surface
glycocalyx, electrostatic double layer forces resulting from counterions attracted by the cell
membrane surface potential, entropic protrusion and undulation forces arising from
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molecular fluctuations of hydrocarbon chains, and hydrophobic forces due to loss of
hydrogen bonding [5,71-73]. Positively charged molecules/NP show higher cell binding and
internalization compared to neutral or negative entities. Surface modifications of NP such as
pegylation and formation of biocoronae (due to interactions with proteins in biological
milieu, see Part I11) reduces the positive surface charge and alters cell binding [74].

Surface-modifications with targeting ligands enhance NP attachment on tumor cells.
Specific binding to receptors or antigens on cell membrane surface is achieved by using
targeting ligands, including antibodies, peptides, proteins, small molecule receptor ligands
and carbohydrates [5,9-14,75]. The most popular ligands are monoclonal antibodies or Fab
fragments specific to tumor cell antigens [76—78], peptide [79], folate [80], and transferrin
[81,82].

3.2. Internalization

Internalization of therapeutics depends on multiple factors. Please see our earlier reviews for
additional references [5,9-14]. Cell membranes are semi-permeable to small, hydrophobic
or unionized molecules, which enter cells by passive diffusion. Larger, polar or charged
molecules may enter cells by facilitated diffusion with the help of channel proteins in the
membrane. Some molecules use ATP-dependent active transport to enter cells against the
concentration. For larger molecules or NP carriers that cannot directly cross the plasma
membrane, their uptake into cells is mediated by endocytosis, which involves a complex
coordination of events leading to different intracellular transport pathways and the
deposition of molecules/NP in different subcellular organelles [83-85]. The major
mechanism of molecule/NP internalization is clathrin-mediated endocytosis, which recruits
the molecule/NP-binding cell surface receptors and involves the formation of coated
membrane invaginations on plasma membrane (about 2% of total area) [5,86,87]. Other less
prominent endocytosis mechanisms include (a) caveolae-mediated endocytosis that involves
caveolin-1-expressing structures (which include 500-100 nm flask-shape invaginations on
membrane, large neutral pH intracellular structures, small vesicles and tubules); the
endocytosed molecule/NP are located, after leaving cell membrane, in caveolar vesicles that
later fuse with either caveosomes in the cytosol or early endosomes [5,88], (b) clathrin- and
caveolae-independent endocytosis that is dependent on cholesterol [89], (c) a second
cholesterol-dependent pathway, macropinocytosis, which is involved in fluid-phase
endocytosis and where the endocytosed molecule/NP are located in macropinosomes [90].
Fluid phase endocytosis is a low-efficiency and nonspecific process, is primarily driven by
the extracellular concentration, and is less prominent compared to other absorptive and
receptor-mediated endocytosis processes. Macropinocytosis occurs in cells with active
membrane or cytoskeletal (e.g., actin) activity. Liposomal NP also use non-endocytic
pathways such as membrane fusion, a process that depends on the cholesterol in the
liposome and cell membrane, resulting in the release of the NP contents into the cytosol
[5,91,92].

The various endocytosis pathways show different upper particle size limits, i.e., 200 and 500
nm for clathrin- and caveolae-mediated endocytosis and up to 5 um for macropinocytosis.
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3.3. Endocytic transport

The complex network and regulation of endosomal transport have been extensively studied,;
readers are directed to several excellent reviews on this subject matter [93-98].

3.3.1. Endosomes—The endocytosed cargo and membrane vesicles, after uncoating,
fused with early endosomes [99]. Early endosomes is the sorting center where the
internalized materials are sorted to different pathways that involve three types of endosomes,
i.e., early, late and recycling endosomes, with distinct markers (Rab5, Rab7, and Rab11,
respectively). These processes are as follows. (a) Early endosomes lose the proteins
responsible for recycling and eventually become late endosomes. This process is associated
with membrane proton pump V-ATPase activity that causes proton influx and a continuous
pH drop from 6.2—6.3 in early endosomes to 5.0-5.5 in late endosomes. The late endosomes
move to perinuclear area where they fuse with each other or with lysosomes that are even
more acidic (pH 4.8-5.4) and contain various enzymes that degrade the cargo. (b) Some
materials are sorted into intraluminal vesicles (ILV) formed by the budding of endosomal
membrane into the endosomal lumen. The resulting multivesicular bodies (MVB) are
formed during the maturation of early endosomes to late endosomes. ILV are subjected to
two fates: ILV are released into the extracellular space as exosomes when MVB fuse with
the cell membrane or are degraded when MVB fuse with lysosomes [100] (c) Transport in
recycling endosomes back to the cell membrane. (d) Transport viathe trans-Golgi network
to either lysosomes or recycle back to the Golgi [101-103].

3.3.2. Endocytic recycling—The removal of membrane proteins and lipids from the cell
surface by endocytosis is balanced by endocytic recycling that returns these materials to the
cell surface.

The recycling process is complex, and involves GTPases (Rab proteins) and various
signaling pathways that regulate the sorting of molecules/proteins and the trafficking of
vesicles. The two types of recycling pathways are recycling of cargo internalized by clathrin-
dependent endocytosis (CDE) or by clathrin-independent endocytosis (CIE). CIE typically
refers to internalization of cargo via caveolar endocytosis. The recycling of classic CDE
cargo proteins such as transferrin and low density lipoprotein appears to occur by default
without needing specific cytoplasmic sequences for recognition and sorting, whereas the
recycling of CIE cargo and signaling receptors involves a selection process [93,104]. Both
pathways require Rab11 function, and cells deficient in Rab11 exhibit a 1.5-fold reduction in
lipid NP uptake, presumably due to decreased recycling of regulators necessary for entry
[105].

Recycling can occur quickly or slowly. For example, NP appear in recycling endosomes
within 1 h after endocytosis [105]. The fast recycling route goes from early endosomes back
to the plasma membrane. The slow recycling route involves the transport of cargo from early
endosomes to endosome recycling compartment (ERC) and then from ERC to plasma
membrane [104]; the transport to ERC requires proteins such as nexins responsible for
sorting cargo to recycling endosomes, and the absence of these proteins triggers the
degradation of CDE cargo such as transferrin by late endosomes or lysosomes.
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The current prevailing model is that during endosomal maturation, parts of the early
endosome form tubular structures that become ERC whereas the remaining main body
becomes MVB. In most cells, ERC is localized near the microtubule organizing center and
Golgi complex, and the ERC tubules involved in the CIE recycling align along the
microtubules, facilitating the actin- and microtubule-dependent transport of recycled vesicles
to the cell membrane.

3.3.3. Intracellular release—For drugs or drug-loaded NP that act on targets in the
cytosol or the nucleus, their effectiveness depends on their release from endosomes. An
example is the gelonin-based immunotoxins that, regardless of their targeting or trafficking
properties (e.g., different antigens, different antigen densities, different binding affinity to
tumor cells), were equally effective after normalizing to their release from endosomes; this
finding indicates endosomal release instead of internalization, is the determinant of
intracellular delivery [106]. Endocytic escape of NP is highly dependent on its physical
characteristics (e.g., size, zeta potential) and its chemical composition (e.g., fusogenic lipids,
antibody conjugation) (see section 3.6.2 for more discussion).

3.4. Cytosol-to-nucleus translocation

Drugs or NP transit from the cytosol to the nucleus via several mechanisms [5]. Smaller
molecules (up to 9 nm, <50 kDa) can cross the nuclear envelope through the aqueous
channel of the nuclear pore complexes via passive diffusion [107,108], whereas larger
molecules, e.g., DNA, may enter the nucleus during mitosis when the nuclear membrane
breaks down. Another mechanism is an active, energy-dependent nuclear transport that
requires the presence of specific targeting sequences, e.g., nuclear localization signals, that
mediates the interaction of molecule/NP therapeutics with transport proteins such as
importins [5,109-112]. The third mechanism is the fusion of therapeutic-loaded endosomes
with the nuclear membrane.

3.5. Unique issues for RNAIi gene therapeutics

RNA interference (RNAI) by small interfering RNA (siRNA) or microRNA produces post-
transcriptional gene silencing and represents a promising approach to correct faulty genes
[11,113]. RNAI is mediated through the cytosolic RISC (RNA induced silencing complex).
Briefly, the guide strand of the dsSRNA is recognized and loaded onto RISC by the slicing
protein Argonaute 2 (Ago2) while the passenger strand is cleaved and released, resulting in
an activated form of RISC with a single strand RNA (guide siRNA) that directs the target
mMRNA recognition through complementary base pairing [114]. Ago2 then cleaves the target
MRNA between bases 10 and 11 relative to the 5’ end of the SiRNA antisense strand, and
thereby causes mMRNA degradation and gene silencing [11,115-120].

siRNA has unfavorable properties for the transport from injection sites to tumors, as naked
SiRNA are readily degraded by serum endonucleases and rapidly cleared by glomerular
filtration, resulting in short plasma half-life of less than 10 min [121-124]. These problems
are partially overcome by chemical modifications of the RNA backbone and use of NP
carriers [11,60,121,125]. For entering cells, naked siRNA do not readily cross the cell
membrane, again due to the high molecular weight, large size and negative charges of the
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phosphate backbone. These concerns have led to the use of NP carriers; cationic pegylated
liposomes are a popular choice [11].

The major mode of internalization of siRNA-NP is endocytosis. For example, the complex
of siRNA and positively charged liposomes (lipoplex) interacts with anionic proteoglycans
on the cell surface, resulting in endocytic vesicles [126]. The mechanism of cationic siRNA-
lipoplex internalization appears to vary greatly depending on the types of liposomes and/or
cells; three studies using different lipoplex formulations have identified macropinocytosis
and clathrin-mediated endocytosis for the DLin-MC3-DMA liposomes in HeLa cells and
fibroblast NIH3T3 cells, macropinocytosis but not clathrin-mediated endocytosis for the
C12-200 liposomes in HeLa cells and other primary cultures of NPC1~/~ or NPC1*/* human
fibroblast cells, and liposomal fusion with cell membrane but not macropinocytosis and
clathrin-mediated endocytosis for the DharmaFECT1 liposomes in 293FT and HeLa cells
[91,105,127]. NPC1 is a transmembrane protein that regulates the exocytosis of MVB
contents.

Perturbation of the endocytic pathway alters the transport and residence of NP therapeutics.
For example, the blocking of the fusion of late endosomes to lysosomes using siRNA against
HPS4, a protein required for the fusion, resulted in accumulation of active RISC-siRNA-
target MRNA complexes (GW-bodies) and greater siRNA-mediated gene knockdown. In
contrast, the down-regulation of ESCRT, resulted in fewer GW-bodies and impaired gene
silencing [128]. Cells deficient in NPC1 (which positively regulates MVB fusion with cell
membrane and subsequent exosome release) show greater intracellular retention and greater
endosomal escape of, and improved gene silencing by, RNAI-lipoplex [105]. These
observations suggest lysosomal degradation and exosome release are quantitatively
important mechanisms for clearing intracellular sSiRNA.

Of interest is the recent finding that RISC is physically associated with MVB and that MVB
formation affects the loading and unloading of siRNA on RISC [129].

An earlier study shows that the half-life of the sSiRNA gene silencing, when siRNA is loaded
in oligofectamine or polymeric NP, is relatively long, lasting from several days to 3 weeks
[130]. However, less is known regarding the kinetics of the individual steps in the SiRNA-
mediated mRNA degradation, i.e., release of siRNA from endosomes or from its carriers,
SiRNA binding with and release from RISC, binding of the RISC/siRNA complex with
mRNA, and cleavage of mRNA. For example, due to the multiple pathways for internalizing
siRNA-carriers, it is not clear whether the cytosolic siRNA derives from the direct release
from its carrier after entering cells through fusion or from endosomes after endocytosis, or at
which point of the endocytic pathway the siRNA is released. The ambiguity is caused in part
by a lack of methodology to reliably visualize the intracellular movement of siRNA, e.g.,
live cell confocal microscopy cannot distinguish if changes in the fluorescence intensity of
the labeled siRNA is due to its release from the endosomes or due to photobleaching or
movement in-and-out of the imaging plane. Nonetheless, the current data suggest the siRNA
release from endosomes is dependent on the type of lipoplex. For example, a recent study
used fluorescently labeled galectin-8 to study the onset of endosomal leakage; this protein
monitors endosome integrity and is recruited to damaged endosomes to initiate autophagy.
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The results demonstrate that the lipoplex of siRNA and Lipofectamine recruited galectin-8
within 5-15 min of endosomal uptake, suggesting rapid onset of endosomal membrane
damage by this lipoplex. However, because the siRNA functionality was not measured, it is
not known whether siRNA was released at the time of endosomal membrane damage or after
a delay, or whether siRNA was released as free siRNA or as the original lipoplex [131]. This
same study also tested a second liposomal carrier, comprising four lipids (lipid L319,
distearoylphosphatidylcholine, cholesterol, pegylated 2-dimyristoyl-sn-glycerol
methoxypolyethylene glycol). L319 becomes ionized at the acidic pH of early endosomes
and interacts with the negatively charged components of endosomal membrane such as
phosphatidylserine. In this case, galectin-8 was recruited to endosomes after 1.5-2 h of
endosomal uptake. This event coincided with 50% reduction of the siRNA fluorescence in
the lipoplex and with the initiation of gene knockdown, and hence suggests the release of
siRNA from both its carrier and endosomes. The difference in the timing of galectin-8
recruitment for the two liposomal carriers suggests the choice of carrier determines the
timing of endosomal membrane damage and hence the timing of siRNA release into the
cytosol. A separate study using electron microscopy demonstrates that gold NP (originally
loaded with siRNA) were released from early, moderately acidic endocytic compartments at
1.5-2 h after endocytic uptake, but whether siRNA was released at the same time or earlier
is not known [127].

3.6. Approaches to improve intracellular bioavailability

3.6.1. Promoting internalization—Intracellular bioavailability can be enhanced by
manipulating one or more of the internalization mechanisms discussed in 3.2. Conjugation
of NP to tumor-specific or tumor-selective ligands, such as transferrin, enhances the
internalization by receptor-mediated clathrin-dependent endocytosis [132]. Cell penetrating
peptides (CPP) are oligocationic compounds with membrane translocation properties,
including TAT (transactivator of transcription) family proteins, penetratin, and chimeric
peptide transportan [133-138]. CPP, through interactions with glycosamininoglycan, adsorb
on cell membrane and induce fusion and macropinocytosis [139-142]. CPP-modified
liposomes are also internalized v/a clathrin-coated pits or caveolin-dependent endocytosis
[143-145].

Several NP conjugated with ligands targeting antigens or epitopes on tumor cell surface have
been evaluated. The targets include noninternalizing epitopes such as CD20 or internalizing
receptors such as CD19, transferrin, HER-2, and uPAR. It is generally known that targeting
the noninternalizing epitopes, while it enhances the NP attachment to cells, does not enhance
the uptake into cells. In contrast, targeting the internalizing receptors results in rapid NP
uptake into cells and improved therapeutic efficacy [146,147]. Additional investigations have
led to clinical evaluation of several NP that target internalizing cell surface receptors (e.g.,
MCC-465, MBP-426, ST-53) [148]. The choice of ligand-receptor interaction affects the rate
of NP internalization in cells, e.g., folate receptors show rapid internalization rates of up to
3%105 molecules of folic acid per hr [149].

The spacing and density of targeting ligands also affect the NP internalization. Loading of
targeting ligands using a PEG spacer enables the ligand to extend beyond the region where
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the ligand would have been sterically hindered by the neighboring PEG molecules, and
thereby enhances the NP flexibility and interaction with cell surface receptors [149]. With
respect to ligand density, while conjugation with high affinity ligands leads to increased
binding and cellular uptake, the same benefit can be achieved by using low-affinity ligands
at high densities [148]. The effects of spacing and density on biocorona formation are not
known but, in view of the emerging importance of biocorona, merit investigations.

3.6.2. Promoting intracellular release from endosomes/lysosomes—As NP
cannot directly cross the endosomal membrane, the general strategy is to promote
endosomal escape through one or more of the following four mechanisms [5,150]. First,
pore formation on endosomal membrane is a balance between membrane tension that
enlarges the pore and line tension that closes the pore. Reduction of the line tension by some
compounds, e.g., cationic amphiphilic peptides, stabilizes the pore [92]. Second, protonation
induces ion and water flow into endosomes, causing endosomal membrane rupture and cargo
release. This proton sponge effect is achieved by the use of lipids or chemicals with high
buffering capacity and, when protonated, cause the influx of chloride ions and water
molecules to induce osmotic swelling (e.g., histidine-rich molecules, polyamidoamine and
polyethylenimine polymers). An example is SiRNA carriers comprising cationic or ionizable
lipids that are protonated and provide the proton sponge effect [151]. Third, use of agents
that destabilize the endosomal membrane and promotes the cargo release into the cytosol.
These agents include fusogenic proteins, lipids and peptides that (a) disrupt endosomal
membrane (e.g., glutamic acid-alanine-leucine-alanine repeats), (b) enhance the fusion of
the carrier with endosomal membrane (e.g. virsomes comprising liposomes modified with a
CPP fusogenic viral envelope protein; dilNF-7), (c) undergo conformational changes in
response to pH changes, which then leads to fusion of the carrier with the endosomal
membrane (e.g., hemagglutinin) [152-166], (d) dioleoylphosphatidylethanolamine or DOPE
that fuses with endosomal membrane, and (e) pH-sensitive lipids that are degraded under the
acidic conditions in late endosomes, e.g., citraconyl-DOPE, promote the unpackaging and
release of cargo within the endosome [92]. For pegylated NP, PEG-lipids that are cleaved in
the acidic environment of endosomes are used to promote fusion between liposomes with
endosomal membrane [152,167-170].

4. Part lll. Interactions of nanotherapeutics with tumor microenvironment

and extracellular matrix

Interactions of NP with components of biological matrices result in the formation of
biocorona [171-173]. This research area is gaining momentum; the number of publications
containing NP and corona as key words increased from 9 in 2005 to 134 in 2014. Multiple
investigations have documented the interactions between a wide variety of NP (e.g.,

metallic, metal oxide, carbon based, polymer coated, polymeric nanoparticles, quantum dots,
liposomes) with various proteins (apolipoprotein, complement protein, prothrombin,
vitronectin, immunoglobulin, fibrinogen, serum albumin) [171,174-177].
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4.1. Structure of nanoparticle biocorona

Figure 3 shows the multi-layer biocorona. The first layer of high affinity proteins on the NP
surface (referred to as hard corona) is covered by a layer of low-affinity proteins (soft
corona) [178,179]. Among the several thousand available proteins in human plasma, only a
few dozen are present in the hard corona. Equally intriguing is that the proteins in the hard
corona are not necessarily the most abundant proteins in plasma or those with the highest
affinity for NP [180].

Biocorona formation, mediated by van der Waals forces and electrostatic interactions, occurs
rapidly and is completed within minutes [177]. The formation of biocorona on NP causes
increases in particle size (e.g., up to 150% for polystyrene or silica NP) and changes in
surface charge (e.g., from positive to neutral or slightly negative). As these two parameters
are important determinants of NP disposition/transport and interaction with biological
targets (e.g., transfection efficiency), biocorona alters the disposition and functionality of
NP, especially for gene therapeutics [174].

4.2. Effect of biocorona on nanoparticle disposition

Formation of biocorona affects the /n vivo NP biodistribution and clearance, in several ways.
NP surface modifications, such as 1gG, complement family proteins (C1-C9), fibrinogen
and lipoproteins, elicit opsonization and cause entrapment/concentration in RES organs
(e.g., Kupffer cells in the liver). Biocorona comprising apolipoproteins such as Apo B and
Apo E enables transport across the blood brain barrier [176,181-188], whereas binding to
albumin prolongs the circulation time [189,190].

Pegylation of NP has at least two effects. First, pegylation generally decreases biocorona
formation, enabling NP to avoid recognition and entrapment in RES [191-194]. However,
changes in the extent and composition of biocorona induced by pegylation are dependent on
the NP size as well as on the pegylation density. For gold NP, increasing the pegylation
density reduces biocorona formation and changes its protein composition, whereas
decreasing the NP size leads to a highly curved surface that reduces the steric interaction of
PEG molecules and allows more proteins to adsorb to the surface [195]. Second, lowering
the zeta potential (from 26 to 2.9 mV) reduces the electrostatic interaction with the
negatively charged ECM components (e.g., proteoglycans, fibrous proteins) and thereby
enhances the transport of polymeric DNA carriers in the brain parenchyma [196].

4.3. Effect of biocorona on functionality of nanoparticle gene therapeutics

For lipoplexes containing DNA or RNA, their surface charges will vary based on the number
of nucleotides. This, in turn, is likely to alter the compositions of the corresponding
biocoronae. Adding to this complexity are the recent reports suggesting that interaction of
proteins with lipid carriers of DNA or RNAI therapeutics affect the functionality of the gene
therapeutics in several ways. First, binding of proteins to RNA. lipoplex causes dissociation
of RNAI from NP, presumably due to competition for positively-charged binding sites [197].
The dissociated RNAI or DNA, in turn, is rapidly degraded by endonucleases. Second, the
formation of fibrinogen-containing biocorona promotes aggregation of lipoplexes due to a
reduction in the electrostatic repulsive forces between lipid membranes [175,198]. Third, a
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size increase may hinder extravasation and interstitial transport. On the other hand, the larger
NP-biocorona complex may utilize the caveolae-mediated endocytosis pathway that favors
larger NP (>500 nm) [198], in addition to the more common clathrin-mediated endocytosis
pathway used by smaller NP [199] and the cell membrane fusion pathway [91]. This change
in the internalization pathway may affect the eventual transfection efficiency.

4.4. Potential role of tumor microenvironment and extracellular matrix on biocorona
formation and stability

As shown in Figure 1, NP-biocorona complex is formed in blood due to NP interactions with
serum proteins, whereas NP interactions with proteins present in TME and ECM would
yield other biocorona complexes. The formation and stability of NP-biocorona complex, due
to the reversibility of noncovalent binding, depend on the concentrations and types of
proteins available in the biological milieu. For example, /n vitro experiments show that low
serum protein concentrations lead to biocorona consisting of the more abundant low-affinity
proteins, whereas at higher serum concentrations, proteins with higher affinities replace the
low affinity proteins and become the predominant component in the biocorona [178,200]. In
humans, while serum protein level is generally constant between individuals, the serum
protein composition varies with age, ethnicity and physiological or disease state (e.g.,
autoimmune diseases, cancer) [201,202]. The latter may affect biocorona protein
composition and stability. The proteins at the local environment also determine the
biocorona composition and the subsequent fate of NP. For example, adsorption of surfactant-
associated proteins (SP-A and SP-D) present at lung alveoli onto magnetite NP with either
more hydrophilic (starch) or hydrophobic (phosphatidylcholine) surface modifications leads
to NP uptake by alveolar macrophages; this mechanism applies to NP with diverse
composition, including gold nanoparticles, COOH- and NH,-surface coated quantum dots,
and COOH-modified polystyrene beads [203,204]. These findings suggest the biocorona
composition rather than the NP materials was the determining factor for recognition and
uptake by macrophages.

It has been proposed that the dynamic process of formation and evolution of NP biocorona is
dependent on the relative availability of proteins as NP translocate from one biological
compartment to another (e.g., from normal tissues such as blood to tumor tissues) [205,206].
However, there is a lack of information on the site-specific composition of NP biocorona
(e.g., whether changes in protein compositions at a specific location or tissue alter the NP
fate at the site) and on the quantitative relationship between NP biocorona and target site
delivery.

4.5. Perspectives

In view of its significant effects on NP disposition and internalization, future studies on the
fate and efficacy of NP therapeutics should take the formation and properties of biocoronae
into consideration [173,207]. Potential areas of interests are (a) qualitative and quantitative
effects of biocorona on the delivery, transport and residence of NP at different spatial
locations of a tumor, (b) effects of biocorona on the internalization and functionality of
lipoplex, a widely-used carrier of DNA/RNAI gene therapeutics, (c) inter- and intra-tumoral
heterogeneity in biocorona compositions (e.g., tumor necrotic center may have different
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protein contents compared to the periphery), (d) exchange of biocorona proteins by proteins
in TME or ECM, (e) changes in biocorona as function of time and NP concentration to
enable the prediction of NP pharmacokinetics and pharmacodynamics, (f) effects of NP
composition on biocorona formation and stability, and (g) species differences. Such
information is needed to improve /in vitro-to-in vivo and animal-to-human translation.

5. Part IV. Animal-to-human translation of cancer nanotherapeutics

A major challenge in cancer therapy development is translating the findings in animals to
humans. A number of cancer NP therapeutics found effective in animal tumor models do not
show activity in humans. For example, Doxil and DaunoXome, the respective liposomal
preparations of doxorubicin and daunorubicin, show significant efficacy compared to the
corresponding free drugs in multiple preclinical tumor models, but only marginal and
insignificant survival benefits in patients compared to doxorubicin-based standard therapy
[208-210]. There are many possible causes for the limited success in animal-to-human
translation, e.g., biological and genetic variances among experimental and clinical tumors.
However, as discussed throughout this review, multiple factors affect the NP transport from
injection sites to tumor interstitium, the NP attachment on cells and uptake into cells, and the
release of NP and its contents from endosomes. In addition, compared to small molecule
drugs that can use both diffusive and convective transport, NP, due to its relatively large size,
is more dependent on convective transport and therefore more likely to be negatively
impacted by the inherently high interstitial fluid pressure in solid tumors. These variables are
likely to cause substantial spatial-temporal-dependent variations in NP delivery and
residence in tumors. Hence, the significant heterogeneities and differences in the TME/ECM
among animal and human tumors, e.g., small and rapidly growing tumors comprising mostly
tumor cells in transplanted animal tumors compared to human tumors that are typically
larger in size and comprise mixture of stroma and tumor islets, represent another likely
cause. For example, the report of the 2014 NCI Cancer Nanotechnology Workshop
highlights the interspecies differences in TME and ECM as a major impediment to
successful translation of concepts established in preclinical models, e.g., EPR effect, to
clinical application [211].

Quantitative systems pharmacology approaches represent a useful means to account for the
time- and spatial-dependent effects of various factors on drug delivery, interstitial transport
and residence in tumors, and may be used to facilitate the animal-to-human translation of
cancer nanotherapeutics. An example is a recent study that used multiscale computational
modeling together with experimental data to evaluate whether liposomes can improve the
delivery of doxorubicin to mouse and human tumors, in a qualitatively and quantitatively
similar manner in both species. The simulated results demonstrate that, due to differences in
transvascular flux and drug/liposome deposition among mouse and human tumors, mouse
tumors would show generally greater drug levels for the liposomal formulation compared to
the free drug whereas human tumors would not show such benefit under multiple conditions
[212]. Additional examples of using multiscale modeling to interrogate and quantify the
effects of intratumoral heterogeneity on drug delivery are provided in Part VI.
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6. Part V. Immune checkpoint therapy

T cell immune checkpoint inhibitors are the newest therapeutics with demonstrated clinical
benefits in cancer patients. Therapeutic success of this therapy requires T cells to contact
their target tumor cells, as shown by the positive correlation between the ability of immune
cells (e.g., CD8* T cells) to infiltrate tumors and the treatment outcome [213,214]. Hence,
the success of immune checkpoint therapy is subjected to the same delivery barriers as
discussed for other therapeutics in this review. These challenges are considerable in view of
the much larger size of T cells compared to other conventional cancer therapeutics (7 um vs.
nm range) and the fact that there are many steps between T cell activation and its migration
to target sites. TME and tumor ECM are known to contribute to at least 6 mechanisms of
immune privilege that protect tumor cells from T cell immunity: (a) active exclusion of T
cells from passage through capillary walls, (b) trapping T cells in ECM, (c) physically
barring the T cells from contacting tumor cells by way of fibroblast-synthesized ECM
structures, (d) chemokine expression or modification that suppresses T cell proliferation, (e)
selective recruitment of other immune cell types that reduce the effect of cytotoxic T cells,
e.g., macrophage reprogramming that blocks T cell recruitment, and (f) fibroblast-mediated
production of CXCL12, a protein that coats and makes tumor cells invisible to T cells [215-
218].

6.1. T cell immune therapy

T cell immunity to tumor cells is established in several steps. First, cancer specific antigens
released from cancer cells are captured by dendritic cells, a type of antigen presenting cells;
this step requires an immune-activating form of cell death (e.g., immunogenic or necrotic,
but not apoptotic) [215]. Second, these antigen-containing dendritic cells are drained to a
lymph node and interact with the resident naive T cells, i.e., presenting the cancer cell
antigen and exchanging co-activating signals, resulting in the formation of activated
cytotoxic T cells that are primed to recognize the antigen-presenting tumor cells. Third, the
activated T cell infiltrates the tumor, binds to tumor cells and exerts its cytotoxic actions.

Until the last few years, immunotherapy, including cytokines (interferons, interleukins), cell
therapy, and dendritic cell-based vaccines, has provided limited benefits in the management
of cancer patients [219]. A likely cause is that tumor cells, by the time of diagnosis, have
acquired immune privilege or the protective mechanisms to escape from the immune system
[215,216].

6.2. T cell immune checkpoint inhibitors

The status of cancer immunotherapy underwent a drastic change due to the discoveries that
activation of two immune checkpoints renders T cells in an “exhausted” state characterized
by reduced proliferation and activity, and that inhibition of these checkpoints provides
significant clinical benefits. Both checkpoints involve the binding of T cell membrane
receptors (cytotoxic T-lymphocyte-associated antigen 4 (CTLA4), programmed death-1
(PD-1)) to ligands, but they have distinct roles in regulating immunity with different
temporal and spatial expression patterns (Figure 4). In the first checkpoint, T cell activation
by dendritic cells in the lymph node causes the upregulation of CTLA4 that binds to the B7
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ligand on the dendritic cell surface, which initiates the signaling that negatively regulates the
amplitude of activation [219]. In the second checkpoint, the binding of PD-1 to its ligands
PD-L1 or PD-L2 negatively regulates the activity of the activated T cells. PD-L1 and PD-L2
are primarily expressed in inflamed tissues, TME, surfaces of tumor cells, immune cells and
fibroblasts. Activated T cells also secrete interferon y which stimulate PD-L1 and PD-L2
expression. Since 2011, FDA has approved in rapid succession several human monoclonal
antibodies directed at these two checkpoints, including ipilimumab, an 1gG1-x
immunoglobulin of about 148 kDa that binds to CTLAA4, nivolumab, an 1gG4-k
immunoglobulin of about 146 kDa that binds to PD-1 [220-223], and pembrolizumab, an
1gG4-x immunoglobulin of about 149 kDa [224] that also binds to PD-1. Studies on
combining these two types of inhibitors have been initiated, with encouraging early results
[221].

Notable accomplishments of this new immune checkpoint inhibition approach are survival
extension and durable response. For example, ipilimumab, given as single agent or in
combination with glycoprotein 100 peptide vaccine, extended the overall survival of
advanced melanoma patients to about 10 months (vs 6.4 months in patients without
ipilimumab), with durable responses lasting more than 4 years in 20% of patients [221]
[225]. Nivolumab prolonged the median survival in metastatic squamous non-small cell lung
cancer patients previously treated with platinum-based therapy, compared to docetaxel (from
6.0 to 9.2 months) [222]. Pembrolizumab yielded a 24% response rate, with sustained
response of 6 months or longer in at least 8 of 89 patients [221]. Such accomplishments hold
promise for making cancer into a chronic disease. In addition, the nature of immune therapy
is such that it may provide a means to achieve the long-elusive goal of a cure. Hence,
approaches that improve the effectiveness of immune checkpoint inhibitors may yield
therapeutic benefits. The following sections outline the processes that control and determine
the effectiveness of T cell immune therapy.

6.3. Migration of activated cytotoxic T cells to reach tumor cells

The subjects of leukocyte activation, recruitment, rolling and adhesion on endothelium,
transvascular and interstitial migration have been extensively studied. These processes are
controlled by a large number of adhesion molecules, receptors, cytokines, chemokines,
chemoattractants, signaling pathways, sheer stress due to blood flow, and cell types (e.g.,
endothelial cells, pericytes). Most of the large body of literature concerns inflammation.
There is evidence that some of the regulatory mechanisms may be different in cancer.
Readers are directed to several excellent reviews for detailed discussions
[215,217,218,226,227]. A brief summary is as follows.

6.3.1. Trafficking of leukocytes to tissues—The original 3-step model of leukocyte
rolling, adhesion and transmigration was first described in the nineteenth century; Figure 5A
shows an updated model of the adhesion cascade. The four phases are as follows. (a) Rolling
of leukocytes on endothelial cells to reach the target tissue involves sequential interactions
between homing receptors on leukocytes, selectins, integrins, and their corresponding
binding ligands. The specificity of the homing receptors depends on the location of the
lymph node in which T cell is activated and on the antigen-presenting dendritic cells. The
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expression of vasculature ligands is modified by inflammatory cytokines and other events
including radiation. (b) Leukocyte activation and arrest on endothelium is controlled by
integrins, chemokines, chemo-attractants, their corresponding binding ligands or receptors
(e.g., G-protein coupled receptors) and the subsequent signaling pathways. These processes
involve a vast network of at least 900 proteins and at least 6000 protein-protein interactions.
It has been shown that the expression of leukocyte homing receptor ligands on tumor
vasculature is generally lower compared to surrounding normal tissues [226], which may be
a cause of inadequate tumor immunity. (c) Transendothelial migration comprises two
different steps (Figure 5B). In the first step of crawling, leukocytes roll inside blood vessel
and seek preferred sites for transvascular migration. Disablement of crawling delays the
migration. The second step is crossing the endothelium, which occurs via paracellular or
transcellular routes, with the latter being the minor path. (d) Leukocytes migrate through the
endothelial basement membrane and pericyte sheath. The basement membrane is composed
of two protein networks comprising laminins and collagen type IV. The low protein
expression sites colocalize with gaps between pericytes, representing regions of least
resistance. Transendothelial migration is more rapid compared to penetration through the
basement membrane (<2-5 vs. >5-15 min); these processes are affected by the composition
of cell types (endothelial vs. pericytes) and basement membrane. In general, disorganized
tumor capillaries formed in response to proangiogenic factors reduces transvascular
leukocyte migration, and low dose antiangiogenic therapy may enhance immunological
tumor control through normalization of tumor vessels.

6.3.2. Migration of leukocytes in tissue interstitium—In contrast to the
transendothelial migration that requires adhesion by ligand-homing receptor-dependent
mechanisms, leukocyte migration in 3-dimensional interstitial ECM is integrin-independent
and is either not or only partially dependent on adhesion. This process, known as contact
guidance, is mediated by an actin flow along the confining ECM scaffold structure, shape
change, squeezing through available space and following paths of least resistance.

6.3.3. Barriers to T cell migration in tumors—The above processes observed for
inflamed and peripheral tissues appear to also occur in tumors. In transplantable murine
tumors, adoptively transferred fluorescent T cells first migrate at tumor periphery, conjugate
with tumor cells, and then regain motility and progressively infiltrate the tumor center, with
T cell migration occurring along collagen fibers or blood vessels [218,228,229].

Several recent studies addressed the barrier roles of ECM in interstitial T cell migration in
human tumors [213,218,230-233]. The notable findings are as follows. First, in contrast to
transplantable tumors that typically comprise mostly tumor cells, patient tumors show
clusters of tumor cells surrounded by stroma containing collagen and fibronectin strands in
varying densities, with areas of high collagen density in the immediate proximity of tumor
cells. Second, the tumor ECM structures determine the interstitial T cell migration and
distribution. Surgical specimens of human tumors show substantial, up to 100-fold
intratumoral spatial variation in T cell density, with higher T cell frequencies in the invasive
margin compared to the core. Third, in human pancreatic tumors, the distribution of T cells
favors the stroma relative to tumor islets, i.e., present at higher frequency in the stroma and
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absent from the tumor islets in 70% of samples. In addition, the T cell frequency does not
show spatial correlation with the overexpression of several T-cell active chemokines
(CXCL12, IP-10, MIP-1pB) but instead is spatially correlated with collagen density in an
inverse relationship. The latter has been confirmed in fabricated 3-dimensional collagen
matrices; maximal migration occurs at the lowest collagen density of 0.5 mg/mL whereas a
higher density of 1.5 mg/mL nearly completely abolishes T cell invasion. Fourth, treatment
of tumors with collagenase reduces collagen density and enhances T cell infiltration into
tumor islets. Fifth, a study of the migration of fluorescently labeled activated T cells in slices
of patient lung tumors (over 20 min) using live cell confocal microscopy shows the
following: (a) T cells move in parallel with collagen and fibronectin fibers, (b) T cells cannot
cross the dense matrix areas characterized by bands of thick and linear collagen fibers
running parallel to tumor islets, (c) T cell movement in the favorable migration zones,
characterized by a reticular network of thinner fibers similar to the zones of lymph nodes
housing high T cell concentrations, is multi-directional and is several-fold more rapid than in
the dense collagen fiber zones, and (d) T cells enter tumor islets through the favorable
migration zones. The inverse correlation between stromal structure and T cell distribution is
in agreement with an earlier finding in rat tumors that T cells are absent in the area of
activated fibroblasts surrounding tumor islets [234].

Taken together, the above findings establish the composition, fiber density, organization and
architecture of TME and ECM as major barriers and determinants of the interstitial transport
of T cells.

6.4. Tumor heterogeneity and specificity: Role of tumor microenvironment and
extracellular matrix

Histopathological analyses of a variety of human tumors show highly variable T cell density
(e.g., ~100-fold for CD8+ cells) and highly variable distribution in different parts within a
tumor. It has been proposed that the variabilities in T cell frequency play a role in patient
prognosis [213,235]. Likewise, differences in TME and ECM, as determinants of T cell
distribution, may explain the differences in resistance to immune checkpoint therapy
between tumors where some tumor types such as pancreatic cancer or prostate cancer are
more resistant to the therapy compared to melanoma [236]. Similarly, certain metastatic
sites, e.g., visceral metastatic sites (liver, lung, brain), are more resistant to the therapy
compared to bone marrow [236].

6.5. Approaches to improve T cell infiltration in tumors

Several approaches focusing on reducing the ECM-mediated transport barriers have been
proposed [218,237,238]. These include (a) reduction of ECM density by inhibiting lysyl
oxidase that is elevated in human tumors and mediates the cross-linking of collagen fibers,
(b) reduction of myofibroblasts that play a key role in the production and remodeling of
ECM, (c) reduction of fibroblast activation protein a, (c) reduction of TGF-B, a cytokine
associated with myofibroblast activation and ECM/collagen deposition, (d) blocking ECM-
induced signaling pathways, e.g., sonic hedgehog and focal adhesion kinase signaling. Other
targets being investigated include matrix metalloproteinases, collagenase and hyaluronidase.
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7. Part VI. Computational approaches to interrogate and quantify the effects
of tumor microenvironment and extracellular matrix

7.1. Use of computational models to capture heterogeneities in tumor properties and
therapeutics

As discussed above, tumors are highly heterogeneous and many tumor properties (a) are
dynamic and change with time (e.qg., size, blood flow, tumor cell density, TME, ECM,
vascularization status, growth rate, capillary pore size and permeability, extracellular
proteins), (b) depend on the host (e.g., larger tumors in humans than in mice), (c) are patient-
dependent (e.g., location in relation to normal tissues, size), (d) can change with time (e.g.,
tumor growth) or with treatments (e.g., cell death due to chemotherapy or irradiation, altered
vasculature due to anti-angiogenics), and (e) are inter-dependent where changes in one
property can affect other properties (e.g., increase in tumor size will affect the
vascularization) [12]. In addition, interactions between therapeutic and biological matrices in
tumors and other organs affect the disposition, transport and residence of the therapeutic in
tumors. NP therapeutics, due to their diverse properties (e.g., size, surface modifications,
aggregation) present yet another level of complexity. For example, pegylation of NP
increases the circulation time but also decreases the endocytosis, and surface charge and
pegylation have opposing quantitative effects on NP binding to cell surface and NP
internalization such that the effect of one parameter is offset by the other [58]. These diverse
and dynamic properties and interactions create uncertainties on the delivery of a therapeutic
to its intended target site and accordingly uncertainties on the treatment efficacy.

Our group shares the view that there is a need for developing computational models to
capture the above factors and using these models to quantitatively interrogate how changes
in these parameters, separately or collectively, affect the delivery and residence of a
therapeutic at the target site. Such models represent a potentially useful tool to reduce the
empiricism and ambiguities (e.g.,[239,240]). This approach is beginning to take shape, as
shown by the increasing number of publications from multiple investigator teams on using
computational models to depict drug/NP delivery and transport in the last five years. For
example, based on the published results on tumor priming from our group and others (see
2.3.3, another group of investigators established a computational, physiologically-based
pharmacokinetic and pharmacodynamic model and used it to simulate the optimal time
window for tumor priming [241]. This model takes into account the release of doxorubicin
from liposomes and the simulation results indicate that fine-tuning the tumor priming
schedule (i.e., using a 24-h interval between paclitaxel priming and liposomal doxorubicin
instead of the 48-h interval we selected based on the time course of tumor cellularity
changes induced by paclitaxel alone) would further enhance the doxorubicin levels in tumors
by 2.5-fold.

7.2. Models for drug/nanoparticle transport

The modeling of interstitial diffusive and/or convective transport of small molecule drugs
has been used to describe drug release from delivery systems (e.g., [242,243]). This
approach has also been used to improve drug delivery and therapeutic efficacy. One example
is the modeling of the distribution of drugs delivered intracranially to the brain [244].
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Another example is our development of the apoptosis-inducing tumor-priming concept and
the subsequent development of drug-loaded particles with the dual actions of priming and
maintenance [12,63-65,245-248]. Modeling the doxorubicin diffusive transport in liver
tumors provided the basis for using radiation-ablation therapy to enhance drug dispersion
[249]. The above earlier transport models primarily focus on the tumor and do not include
transvascular transport or connection to other organs. In comparison, the more recent models
include both interstitial and transvascular transport by diffusion and convection, and are
often multiscale in nature (e.g., combination of spatial and time scales, combination of
microscopic (e.g., molecule or cell) and macroscopic scales (e.g., tissue or whole
organism)). The multiscale feature is particularly useful in capturing the spatial- and time-
dependent changes and the heterogeneities in tumor properties, as well as for dealing with
specific components of interests (e.g., delivery and residence of vessel-targeting NP). These
publications are in two general categories. The first category describes the development of
theoretical models to capture the known tumor pathobiological parameters and the physical
processes underlying the transport processes (e.g., [250-254]). While these publications do
not provide experimental verifications of the proposed models, they are excellent resources
for model development. The second category, far fewer in numbers, describes models with
experimental verifications. An example is the multiscale modeling study described in section
2.3.3 [212]; this study used a model that includes kinetic processes on several scales: (a)
systemic disposition/elimination in whole organism, (b) transvascular flux in tumor, and (c)
several processes on cellular level (e.g., internalization, binding to DNA, efflux).
Distinguishing these processes on different scales enabled the investigators to conclude that
the differences in transvascular flux of doxorubicin and liposomal doxorubicin among
mouse and human tumors result in qualitative/quantitative differences in the benefit of using
liposomal doxorubicin in these species.

Our group has been working on predictive models of drug/NP transport, delivery and
residence in solid tumors, under /in vitroand /n vivo conditions. To our knowledge, there are
only two other studies within the last 5 years where the model-predictions were in good
agreement with the experimental results (arbitrarily defined as <100% deviations). The first
is an /n vitro study that used models of NP diffusion and cellular uptake to depict the
diffusive transport in 3-dimensional tumor cell cylindroids [255]. The second is an /n vivo
study that used modeling to predict the increase in the delivery of doxorubicin-loaded heat-
sensitive liposomes in tumors by hyperthermia; the model successfully predicted the spatial
distribution of hyperthermia, intracellular doxorubicin and cell kill [256]. The following
sections describe the approaches and findings of our studies [257-260].

7.3. Predictive models of in vitro interstitial diffusive transport based on nanoparticle-cell
interaction parameters

7.3.1. Hypothesis and experimental systems—We first tested the hypothesis that the
interstitial diffusive NP transport can be predicted using (a) NP-cell biointerface parameters

(binding, association, dissociation, internalization) measured in monolayer cell cultures, plus
(b) NP diffusivity in tumor interstitium calculated based on NP size and interstitial structure

and composition [257,258].
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The avascular 3-dimensional tumor cell spheroids, devoid of convective transport, were used
as the model system. Spheroids are aggregates of tumor cells without blood vessels, retain
many properties of solid tumors (e.g., multicellular structures, extracellular matrix, tight
junctions between cells, gradients of nutrient and oxygen concentrations and heterogeneous
cell proliferation rate), and are considered a surrogate of solid tumors for studying drug
delivery and patient tumor sensitivity to specified drugs [10,261-263]. For our purpose, the
absence of vasculature in spheroids ascertains that the transport was due to diffusion and not
confounded by convection. Experiments were performed with three types of NP, i.e.,
negatively-charged polystyrene beads, near-neutral zwitterionic liposomes sterically
stabilized with pegylation, and pegylated cationic liposomes with fusogenic properties, all
fluorescently labeled. These three NP cover a wide range of sizes (20-130 nm) and surface
charges (- 49 to +38 mV); their different properties resulted in 3- to 150-fold differences in
NP-cell interaction parameters which in turn led to 3-fold differences in their interstitial
diffusive transport [257].

7.3.2. Model assumptions and parameterization—The first generation computation
models used the assumptions of negligible NP efflux from cells, only unbound NP (i.e., NP
not associated with cells) are available for diffusion, equal numbers of binding sites for cells
in monolayers and in 3-dimensional structures, absorptive and receptor-mediated NP
endocytosis, specific and saturable binding of NP to cell membrane and negligible NP
binding to ECM [257,258]. The models accounted for the diffusive flux created by the
concentration gradient and the depletion of the unbound NP due to cell binding and
internalization. The effect of biocorona was also partially accounted for because the culture
medium contained 10% fetal bovine serum. The parameters for NP-cell interactions, because
they are dependent on NP properties and cell properties, were experimentally determined
using monolayer cultures; these include the rate constants for binding, dissociation and
internalization, and the number of binding sites on cell surface. Other model parameters that
are independent on NP properties were obtained or calculated from literature data. For
example, the interstitial NP diffusivity was calculated based on NP size and TME parameters
(i.e., tumor cell density, interstitial void volume fraction, concentrations and diameters ECM
proteins/fibers). The equations were solved numerically using the finite element method
[258].

7.3.3. Experimental results and evaluation of model performance—The first
generation models successfully predicted the interstitial transport of the anionic, near neutral
and cationic NP, such that the predicted concentration-depth profiles in spheroids at multiple
initial concentrations and treatment durations (3 concentrations and 3 durations for each
NP), were within the 95% confidence intervals of experimental data (Figure 6) [257,258].
The only exception was the cationic liposomes containing high fusogenic lipid contents (>10
mol%), presumably due to nonlinear changes in liposome-cell interactions that were not
captured in the models [258].

7.3.4. Model-simulations to interrogate the effects of NP properties on
interstitial diffusive transport—Results of /n silico studies using the above models
indicate the following.
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»  Diffusion is slow and rate-limiting for interstitial NP transport.

» Changes in NP surface charge affect the NP distribution in interstitial space and
subcellular compartments.

» Delivery and penetration for all three NP in spheroids increase with treatment time,
with the greatest increases for the neutral NP (2- to 3-times higher compared to
charged NP).

» For anionic and cationic NP, interactions with cells and size increases secondary to
biocorona formation, respectively, reduce diffusion by 2- and 30-fold.

»  For cationic NP, >98% of the amount in spheroids is represented by the cell
surface-bound and internalized NP. These two entities showed different kinetics.
The surface-bound amount initially increasing over time (e.g., 6 h) and then
remaining relatively constant due to saturation of binding sites. In contrast, the
internalized amount continued to increase with time. Accordingly, the differences
in the total amount of NP caused by changes in the NP properties (e.g., cationic
lipid content and surface charge) at early time points (e.g., first 6 h) was primarily
due to their different cell binding capacities, whereas the differences at later times
were primarily due to their different extents of internalization.

We propose that predictive NP transport models offer a means to optimize NP design to
achieve the desired delivery and retention at the intended target sites (e.g., tumor interstitium
for therapeutics that act on extracellular targets, cell membrane for antibodies, or cytosol for
RNAI) [258].

7.4. Multiscale models to capture tumor spatial heterogeneities and to predict in vivo
spatiokinetics of therapeutics

The above models address only the interstitial diffusive transport as functions of NP-cell
interactions and interactions with the ECM present in the serum-containing culture medium.
Depiction of the disposition of a therapeutic in a host requires the inclusion of several
additional models to account for interstitial transport v/a fluid flow-mediated convection,
transvascular transport (both into and out of vessels via diffusion and convection),
interaction with TME in addition to tumor cells (e.g., vessel wall, stromal tissues), and other
processes that affect its disposition (e.g., distribution to other organs, elimination). Our
group has used multiscale models for this purpose [259]. Multiscale models enable the
calculation of certain properties on one level (e.g., solid tumor) based on the information
from different levels (e.g., whole organism), with each level addressing a phenomenon over
a specific window of length and time. For example, our models connect the drug disposition
on three scales (tumor, intraperitoneal cavity, whole organism), with individual models
accounting for the distinct processes on a single scale (e.g., spatial-dependent variations in
TME/ECM in the tumor-scale model).

7.4.1. Hypothesis and experimental systems—This /in vivo study tested the
hypothesis that multiscale models are useful for predicting the spatial-dependent changes in
drug/NP concentrations within a tumor (referred to as spatiokinetics) as functions of other
readily measured parameters (drug-cell-ECM interactions, drug disposition in peritoneal
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fluid and whole organism) and elapsed time [259]. The test drug was 3H-labeled paclitaxel
which is extensively bound to serum protein such as albumin that has a hydrodynamic
diameter of 7 nm [264]. Tumor-bearing mice were given an intraperitoneal injection of
paclitaxel solubilized in Cremophor and ethanol. Samples of blood and peritoneal fluid were
analyzed to establish the concentration-time profiles. Solitary tumors located on the
omentum were analyzed for drug concentration-depth profiles.

7.4.2. Model assumptions and parameterizations—For transport, we assumed (a)
that fluid exchange between tumors, peritoneal cavity, and incoming blood vessels depend
on the pressure gradients in these three compartments, (b) that drug transport in tumor
interstitium occurred by diffusion and convection in a porous gel structure, (c) no lymphatic
transport in tumors, (d) no time- or spatial-dependent changes in vessel permeability, venous
pressure or drug-cell binding parameters, (d) negligible drug binding to ECM in view of the
more extensive drug association with cells compared to extracellular macromolecules, and
(e) only drug not associated with cells was available for transport. Note that some of these
assumptions are valid only for early time points prior to treatment-induced changes in TME
occurs (e.g., 6 h).

Figure 7A shows the multiscale models. The peritoneal cavity-scale model accounts for the
drug removal from the cavity via lymphatic drainage and/or absorption, processes
determined by host properties (intraperitoneal pressure, peritoneal fluid volume), and drug
properties (molecular size, binding to proteins). The whole organism-scale model accounts
for the drug distribution to various organs and the drug clearance from the body (e.g.,
metabolism, renal excretion). The tumor-scale model (a) accounts for the intratumoral
heterogeneities in TME and ECM (e.g., vessel density, tumor cell density, IFP, ECM
proteins) as functions of locations within a tumor and thereby accounts for the spatial-
dependent interstitial and transvascular drug transport, (b) accounts for the drug properties
with respect to drug-cell-TME/ECM interactions, and (c) uses the drug concentration-time
profiles in peritoneal fluid and systemic blood as the respective boundary conditions (drug
source) at tumor border and tumor blood vessels for calculating the drug concentrations in
tumors. Because paclitaxel is extensively bound to cellular and extracellular components, the
tumor is viewed as comprising three subcompartments (i.e., cells to which the drug
associates, interstitial space/fluid where the drug undergoes interstitial transport, and vessels
where the drug undergoes transvascular transport). Integration of the models on the three
scales enables the calculation of changes in the concentrations of the respective drug moiety
(i.e., cell-associated drug, unbound drug undergoing interstitial transport and unbound drug
undergoing transvascular transport) as function of time and spatial positions in a tumor.

As discussed in sections 2.3.3 and 6.1, an earlier multiscale model was successfully used to
address the mouse-to-human translatability [212]. This earlier model views the entire tumor
as a single compartment. Because our purpose is to examine tumor spatiokinetics as a
function of intratumor heterogeneities, our tumor-scale model separated the tumor into
segments with known intratumoral heterogeneities, and captured the heterogeneities by
including several spatial-dependent model parameters. Another difference is our model
accounted for both diffusive and convective transport whereas the earlier model used a single
transport process. Briefly, our tumor-scale model used two types of model parameters. The
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spatial-independent parameters include parameters for drug transfer across vessel wall and
drug-cell interactions, intraperitoneal pressure, and microvascular pressure. The spatial-
dependent model parameters that change due to intratumor heterogeneity include the volume
fractions of cells, vessels, and interstitial space (less cells and less vessels in the necrotic
tumor center), IFP (higher in tumor than in adjacent normal tissue), effective diffusivity and
hydraulic conductivity (higher in tumor center than in tumor periphery), and vessel surface
area (higher in periphery than in center). The parameters that are drug- and cell-specific
were measured experimentally and the remainders were calculated or obtained from the
literature.

7.4.3. Experimental results and evaluation of model performance—Figure 7B
shows the experimental results on the drug disposition on three scales. The drug
concentration-time profiles in the peritoneal fluid and plasma describe the drug disposition
in the peritoneal cavity-scale and the whole organism-scale, respectively, whereas the drug
concentration-depth profiles in the tumors resected from four mice describe the
spatiokinetics on the tumor-scale. The latter show substantial intertumoral and intratumoral
variations. Spatially, the highest drug concentrations were observed at the tumor periphery
followed by a sharp decline with increasing distance.

Comparison of the experimentally determined tumor spatiokinetics with the model-predicted
profiles indicate good agreement, with deviations that are 60-fold lower compared to the
inter-tumor variation among animals (Figure 7C).

7.4.4. Model-simulations to interrogate the effects of intratumoral
heterogeneities on spatiokinetics—Results of /n sifico studies show that the time-
dependent changes in drug concentrations in peritoneal fluid, tumor interstitium and plasma,
plus the nonlinearity and slow rate of drug binding to cells led to substantial, spatial- and
time-dependent, and often opposing changes in the interstitial and transvascular drug
transport into and out of tumors. Some of the notable findings are as follows.

e The interstitial convective and diffusive drug fluxes are highly time-dependent,
decreasing by about 12-fold from 30 min to 6 h. In contrast, the transvascular flux
first increases with time to reach a peak at about 20 min and then decline by about
6-fold at 6 h.

» Atearly time points, the transvascular diffusive interstitium-to-vessel drug flux
exceeds the transvascular blood-to-interstitium convective drug flux by 2-3 orders
of magnitude.

»  Over the first 6 h, (2) the net interstitial flux is in the tumor periphery-to-center
direction whereas the net transvascular flux is in the tumor interstitium-to-vessel
direction, (b) the net flux from peritoneal cavity into the tumor is the highest
initially and diminishes over time; this, coupled with the increasing transvascular
flux, results in an outward net flux after 4 h, (c) transvascular diffusive transport
has a greater effect compared to the convective transport for removing the drug
from tumor interstitium.
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»  Spatially, while the drug concentrations generally decline with increasing distance
from the tumor border, the directions of concentration changes (i.e., increase or
decrease) vary with time and spatial positions, and are different for the unbound
and cell-bound drug (with greater differences at deeper positions and later times).
Changes in drug-cell binding or dissociation parameters result in similar changes in
drug flux as changes in convective transport parameters, whereas changes in the
maximal cellular binding sites lead to much greater changes. The major drug
moiety is the bound drug, especially at deeper parts of the tumor. These data
indicate the drug-cell interaction parameters as important determinants of drug
delivery to tumors.

e Combined use of the multiscale tumor spatiokinetic models together with the
literature ex vivo pharmacodynamic data in cultured tumors indicates that during
intraperitoneal therapy, only the outermost regions (<1 mm) receives
pharmacologically active drug levels. This finding suggests insufficient drug
delivery is a major reason that intraperitoneal paclitaxel therapy is ineffective in
patients with bulky tumors (i.e., >10 mm) [265].

To our knowledge, the above is the first experimentally verified /in vivo multiscale tumor
spatiokinetics model. This computational tool enables the prediction of the amount/
concentration of a drug at the intended target sites (e.g., interstitial fluid, cell membrane-
bound, intracellular) based on the numerical values of model parameters that are readily
measured /n vitro or ex vivo (e.g., drug-cell-protein interactions measured in cultured tumor
cells) or /n vivo (e.g., pharmacokinetics in blood or other sampling compartments). The /n
sificoresults further provide potentially clinical useful insights that could not be obtained
experimentally, e.g., the finding that transvascular diffusive transport is the major
determinant of drug removal from tumor interstitium suggests approaches to reduce such
transport may enhance drug residence in tumors. We propose computational multiscale
models are useful tools to interrogate the effects of anticipated changes in the diverse and
dynamic tumor properties and drug/NP properties, separately or collectively, on the delivery
and residence of cancer therapeutics.

Perspectives

As discussed throughout this review, TME and ECM play important roles in the transport/
delivery of a wide variety of cancer therapeutics, including the conventional small molecule
drugs, macromolecules, NP, and activated cytotoxic T cells. Manipulation of TME and
ECM, through biological or physical means, has emerged as an important research area for
cancer translational research. On the other hand, many of the therapeutic-TME/ECM
interactions are inter-dependent, are often nonlinear with respect to time and concentration,
and, due to intratumoral heterogeneities in TME/ECM, are also spatially dependent. This
large number of unavoidable variables leads to many unanswered questions important for
patient management. For example, to what extent do treatment-induced changes in
vasculature and vessel pore size improve drug delivery? How should one select treatments
(dose intensity and dosing interval) in anticipation of intratumoral heterogeneity in the
transport mechanisms (diffusion vs. convection) in different parts of a tumor? A new trend in
cancer combination therapy is adding anti-angiogenic therapy to other standards-of-care.
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The dual and time-dependent effects of anti-angiogenic therapy, with initial destruction of
less mature vessels and stabilization of other vessels (resulting in temporary increases in
tumor blood flow) followed by reduction in blood flow (due to reduced vessel wall
permeability and vessel conductivity, reduced vessel density and surface area, reduced vessel
radius and pore size) [266-268], are likely to affect drug/NP delivery and retention in
tumors. What are the margins of error if the treatment design/selection does not take into
account these dynamic processes?

Similarly, while the arrival of nanotechnology presents many new opportunities, there are
substantial uncertainties regarding optimal NP properties. For example, increase in tumor
size may retard vascularization and NP delivery whereas treatment-induced changes in
vasculature and vessel pore size may favor extravasation of larger NP [258]. Larger NP with
sizes between the capillary pore size in normal tissues (<10 nm in most tissues) and the pore
size in tumor vasculature (typically between 100-200 nm) provides passive tumor targeting,
but the larger size retards interstitial transport. NP are frequently surface-modified with
targeting ligands to improve targeting and internalization, but binding to cell surface
receptors limits NP transport. Pegylation increases circulation times but also decreases the
endocytosis of NP [10], and cationic surface charge and pegylation have opposing
quantitative effects on NP binding to cell surface and internalization such that the effect of
one parameter is offset by the other [58].

In summary, the interactions between a cancer therapeutic (molecules, NP, immune cell),
TME, and ECM, are complex and their net effects on the spatiokinetics of the therapeutic
are largely unknown. In addition, the pharmacodynamics of cancer therapeutics, due to the
drug action mechanisms (e.g., cell cycle specific agents are active against cycling cells
whereas only a fraction of tumor cells are proliferating) and the inevitable chemoresistance,
is also subjected to uncertainties. These various issues represent interesting and potentially
fruitful research opportunities. We advocate using quantitative systems pharmacology
approaches, such as those described in Part VI, to address the dynamic interactions, the
intratumoral heterogeneities, and the unavoidable time-dependent and patient-dependent
changes in tumor properties. Having the ability to predict the target site pharmacokinetics
based on the properties of a drug delivery system (e.g., drug release rate or interactions with
TME/ECM components) will be a major and useful step to improving the success of its
development.
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Figure 1. Transport of a therapeutic from injection site to tumors
Following an intravenous injection, therapeutics (small or large molecules, or their NP

carriers) are distributed in blood and undergo the following steps: (a) removal from the
systemic circulation by cells of reticuloendothelial system (RES) or elimination by
metabolism and excretion, (b) transported to organs including tumors via the systemic
circulation, (c) extravsation (transvascular transport by diffusion or convection) into tissue
interstitium, and (d) interstitial transport by diffusion and convection to reach individual
tumor cells. Note the formation of NP-biocorona complex in blood due to NP interactions
with serum proteins, and the exchange of serum proteins on NP-biocorona with proteins in
tumor microenvironment may result in the formation of new NP-biocorona complex. Figure
and legend are adapted from Figure 1 of [5] and reprinted with permission.
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Figure 2. Internalization and intracellular trafficking of therapeutics and nanoparticles
Mechanisms of internalization include (a) non-endocytic pathways: diffusion/active

transport of small molecule therapeutics across the cell membranes and fusion of
nanoparticles with the cell membrane, and (b) endocytic pathways: clathrin-mediated
endocytosis, caveolae-mediated endocytosis, clathrin- and caveolae-independent endocytosis
and macropinocytosis. In an endocytic pathway, the cargo is presented to the early
endosomes and get sorted into recycling endosomes that are either directly recycled back to
the cell membrane or indirectly through the endosome recycling center, or late endosomes
that fuse with lysosomes. One aspect of the sorting results in budding of early endosomes to
form intraluminal vesicles, a component of multivesicular bodies that either mature into late
endosomes or are fused with the cell membrane followed by releasing the intraluminal
vesicles and their contents as exosomes. Drawing of subcellular organelles is not to scale.
See text for references.
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NP-Biocorona complex

Low affinity

High affinity

Figure 3. Nanoparticle biocorona
Biomolecules in the biological milieu adsorb strongly to the NP surface (A1), forming a

tightly bound layer of biocorona in immediate contact with NP (hard corona). Other
biomolecules with affinity to the NP-hard biocorona complex (primarily to the hard corona
itself) interacts with NP-biocorona at a much lower rate and form a soft biocorona;
molecules in the soft biocorona are in rapid exchange with the environment (42). If
sufficiently long-lived in the biocorona, a biomolecule may lead to recognition of the NP-
biocorona complex as a whole by a cell membrane receptor (k3). The same biomolecule
alone can also be recognized by the receptor (k4). If present, the bare surface of NP may
also interact with cell surface receptors (45) or other constituents of the cell membrane.
Figure and legend are adapted and reprinted with permission from [180]. Not shown in
Figure: Internalization of NP-biocorona complex by the endocytosis mechanisms outlined in
Figure 2.
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A. T cell activation requires two signals
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Figure 4. Immune checkpoint therapy: Pharmacological basis
A. T cell activation requires two signals. T cells recognize tumor antigens presented by the

major histocompatibility complex (MHC) on the surface of cells through their T-cell
receptor (TCR). This first signal (1) is insufficient to turn on a T-cell response, and a second
signal (2) delivered by the B7 costimulatory molecules on antigen presenting cells (APC) is
required for activation. B. Blockade of immune checkpoints to enhance T cell responses.
After activation, T cells express immune checkpoints such as CTLA-4 and PD-1. They
further secrete IFN-vy, which leads to expression of PD-L1 on tumor cells and inflammatory
cells and causes inhibition of T cells upon interaction with PD-1. Blocking of immune
checkpoints with antibodies prevents T cell inactivation and enhances T cell responses. The
expression of PD-L1 on tumor cells may be absent in early biopsies obtained prior to
immune checkpoint therapy but would be detectable after the therapy. Figure and legend are
reprinted with permission from [221]. The legend was adjusted for the current discussion.
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A. Leukocyte rolling, adhesion and transmigration
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Figure 5. Trafficking of leukocytes to interstitial space
A. Leukocyte rolling, adhesion and transmigration. The original three steps are shown in

bold: rolling, which is mediated by selectins, activation, which is mediated by chemokines,
and arrest, which is mediated by integrins. Progress has been made in defining additional
steps: capture (or tethering), slow rolling, adhesion strengthening and spreading,
intravascular crawling, and paracellular and transcellular transmigration. Key molecules
involved in each step are indicated in boxes. ESAM, endothelial cell-selective adhesion
molecule; ICAM1, intercellular adhesion molecule 1; JAM, junctional adhesion molecule;

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Au et al.

Page 49

LFAL, lymphocyte function-associated antigen 1 (also known as | o-integrin); MAC1,
macrophage antigen 1; MADCAM1, mucosal vascular addressin cell-adhesion molecule 1;
PSGL1, P-selectin glycoprotein ligand 1; PECAM1, platelet/endothelial-cell adhesion
molecule 1; PI3K, phosphoinositide 3-kinase; VCAML1, vascular cell-adhesion molecule 1;
VLA4, very late antigen 4 (also known as 41-integrin). B. Migration of leukocytes through
vascular walls. This process involves penetrating the endothelial-cell barrier and its
associated basement membrane and the pericyte sheath. (a) Extension of leukocyte
membrane protrusions into the endothelial-cell body and endothelial-cell junctions is
triggered by ligation of intercellular adhesion molecule 1 (ICAM1) by MAC1 (macrophage
antigen 1). Ligation of ICAM1 is associated with increased intracellular Ca2* and activation
of p38 mitogen-activated protein kinase (MAPK) and RAS homologue (RHO) GTPase,
which may collectively activate myosin light-chain kinase leading to enhanced endothelial-
cell contraction and hence opening of inter-endothelial contacts. These events may promote
leukocyte migration through endothelial junctions (paracellular route), although leukocyte
migration can also occur through the body of the endothelium (transcellular route).
Transmigration through the endothelium can also induce cell-surface expression of members
of the 1-integrin family and proteases on neutrophils and other leukocytes that may facilitate
the onwards movement of the leukocyte through the vessel wall. (b) Paracellular migration
involves the release of endothelial-expressed vascular endothelial cadherin (VE-cadherin)
and is facilitated by intracellular membrane compartments containing a pool of platelet/
endothelial-cell adhesion molecule 1 (PECAM1) and possibly other endothelial-cell
junctional molecules, such as junctional adhesion molecule A (JAM-A). Other molecules
involved in paracellular transmigration are endothelial cell-selective adhesion molecule
(ESAM), ICAM2 and CD99. (c) Transcellular migration occurs in 'thin' parts of the
endothelium, and therefore there is less distance for a leukocyte to migrate. ICAM1 ligation
leads to translocation of ICAML1 to actin- and caveolae-rich regions. ICAM1-containing
caveolae link together forming vesiculo-vacuolar organelles (VVOs) that form an
intracellular channel through which a leukocyte can migrate. Ezrin, radixin and moesin
(ERM) proteins could act as linkers between ICAM1 and cytoskeletal proteins (such as actin
and vimentin), causing their localization around the channel, thereby providing structural
support for the cell under these conditions. (d) Migration through the endothelial basement
membrane and pericyte sheath can occur through gaps between adjacent pericytes and
regions of low protein deposition within the extracellular matrix. This response can be
facilitated by g1-integrin and possibly proteases, such as matrix metalloproteinases (MMPS)
and neutrophil elastase (NE). Figure and legend are reprinted with permission from [217].
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A. Diffusive NP transport model in tumor cell spheroids
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Figure 6. Predicting diffusive nanoparticle transport in 3-dimensional tumor cell spheroids
(A) Models of NP diffusion into spheroids. BS binding sites. (B) Evaluation of model

performance: Comparison of experimental results with model predictions. Left:
Confocal microscopic images of spheroids treated with negatively charged NP (polystyrene
beads, 20 nm, —49.1 mV), near neutral NP (liposomes, 110 nm, —9.7 mV), positive liposome
NP with low fusogenic content (135 nm, +36 mV, 1 mol% fusogenic lipid), and positive
liposome NP with high fusogenic content (130 nm, +37.7 mV, 20 mol% fusogenic lipid).
x20 magnification. Red: NP. Green: nuclei. Yellow: overlapping nuclei and liposomes. The
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results for predicting the effect of treatment times are shown. Similar model performance
was found for predicting the effect of NP concentrations (not shown, available in cited
reference). Spheroids were treated with a fixed initial NP concentration (18.8 nM for
negative NP, 1.13 nM for near neutral liposomes, and 0.55 nM for both of the positively
charged liposomes). 0.55 nM for C20-5 liposomes). Solid lines and shaded areas:
experimentally observed profiles plus 95% confidence intervals. Dashed lines: model-
simulated profiles. Relative total NP concentrations, Ciqta (SUm of interstitial, cell-bound
and internalized drug concentrations), are normalized to the levels of reference treatment
groups (18.8 nM and 5 h for negative NP, 1.13 nM and 6 h for near neutral liposomes, and
0.55 nM and 6 h for positive liposomes). Bar, 50 pm. Figures and legends are adapted from
[257, 258] and reprinted with permission.
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A. Kinetic models at three individual scales
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Figure 7. Multiscale models for intraperitoneal therapy
After an intraperitoneal injection, drug disposition in peritoneal tumors is determined by

kinetic processes occurring on three scales. A. Kinetic models at individual scales. The
models for the peritoneal cavity scale (left panel) and the whole organism scale (middle
panel) describe the drug drainage by lymphatic system, drug absorption into blood
circulation through peritoneal tissues, drug clearance from the body, drug redistribution to
peripheral tissues including intraperitoneal and extraperitoneal tissues, drug binding to
extracellular proteins and cells, and tissue-blood drug exchange. The model for the tumor
scale (right panel) describes the transvascular and interstitial drug transport (by diffusion and
convection, measured as diffusivity D and hydraulic conductivity K) and the intratumoral
heterogeneities (in tumor cell density, vessel density and surface area, interstitial void
volume; represented by terms such as ¢, S,/V). We assumed the geometry of a spherical
tumor (4 mm in diameter) comprising three layers: necrotic center of 1.2-mm radius (white
area), tumor periphery of 500-um thickness (dark gray area), and the transition zone (light
gray area). The three scales are connected per the transfer processes outlined in Figure 1 and
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the tumor scale model used the drug concentration-time profiles in peritoneal fluid and
systemic blood as the boundary conditions. B. Experimental data of the time- or spatial-
dependent changes in paclitaxel concentrations. Mice were given an intraperitoneal
injection of radiolabeled paclitaxel (10 mg/kg dissolved in 0.7 mL of 1:1 Cremophor/
ethanol). Symbols are experimental data and lines are the best-fit lines to the kinetic models
for peritoneal fluid (left panel) and for plasma (middle panel); note the different
concentration scales. Solitary tumors were removed from four individual mice at 6 h and
processed for autoradiograph. The tumor spatiokinetics, or changes in drug concentrations
with the spatial positions, are shown (right panel). C. Comparison of experimentally-
observed and model-simulated spatiokinetics in tumors. Symbols and bars: Average
concentrations in four individual tumors plus one standard deviation at 6 h. Solid line:
model-predicted tumor spatiokinetics profile. Figures and legends are adapted from Figures
1 and 5 in [259] and reprinted with permission.
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