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Abstract

Poor delivery efficiency continues to hamper the effectiveness of cancer therapeutics engineered 

to destroy solid tumors using different strategies such as nanocarriers, targeting agents, and 

matching treatments to specific genetic mutations. All contemporary systemic anti-cancer agents 

are dependent upon passive transvascular mechanisms for their delivery into solid tumors. The 

therapeutic efficacies of our current drug arsenal could be significantly improved with an active 

delivery strategy. Here, we discuss how drug delivery and therapeutic efficacy are greatly hindered 

by barriers presented by the vascular endothelial cell layer and by the aberrant nature of tumor 

blood vessels in general. We describe mechanisms by which molecules cross endothelial cell (EC) 

barriers in normal tissues and in solid tumors, including paracellular and transcellular pathways 

that enable passive or active transport. We also discuss specific obstacles to drug delivery that 

make solid tumors difficult to treat, as well strategies to overcome them and enhance drug 

penetration. Finally, we describe the caveolae pumping system, a promising active transport 

alternative to passive drug delivery across the endothelial cell barrier. Each strategy requires 

further testing to define its therapeutic applicability and clinical utilities.
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1. Introduction

Major breakthroughs in systemic therapies for the treatment of solid tumors have long been 

anticipated to come from innovative approaches such as those utilizing a new generation 

of nanodrugs that optimize drug stability and retention, the large scale genomic profiling 

of cancers, and high throughput screening of libraries to identify very specific therapeutic 

agents. Despite preclinical successes, the vast majority of experimental therapeutics based 

on these powerful approaches, however, have failed to offer much, if any, significant 

benefit for the treatment of solid tumors in clinical trials [1–5]. The few exceptions 

exhibiting anti-tumor efficacy tend to offer modest, incremental improvements at best over 

standard treatment regimens. None approach the groundbreaking successes of treatments for 
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hematological “liquid” tumors such as imatinib in the first line treatment of chronic myeloid 

leukemia which resulted in a 10 year overall survival rate of ~84% [6].

Regardless of whether they are clinically treated with antibodies, small molecule drugs, 

nanomedicines or even antibody drug conjugates, solid tumors consistently seem to show 

poorer therapeutic responses to approved drug regimens than liquid tumors. The question 

of why this may be the case seems underappreciated and underexplored. For example, the 

nanoparticle Doxil, a pegylated liposomal doxorubicin, offers an overall median survival 

benefit of just over 15 months for recurrent ovarian cancer as a monotherapy [7]. Abraxane, 

a nanoparticle albumin–bound paclitaxel, created total sales measured in billions but only 

offers overall median survival benefits of just 11–12 months for NSCLC or pancreatic 

cancer patients treated not with the single agent but in combination with chemotherapies 

[8,9]. Though Doxil and Abraxane only marginally improve the therapeutic potencies of the 

chemotherapeutic agents they carry, they do, however, reduce their relative toxicities. Recent 

critiques that question the utility of nanomedicines may be somewhat harsh as their rather 

modest clinical impact is not unique to this class of agents [2,10].

Successful “personalized” trials matching treatments to specific cancer mutations such 

as BRAFV600E-mutant melanoma [11,12] and epidermal growth factor receptor (EGFR)-

mutant (NSCLC) [13] show short lived or partial responses. The impact of even new 

modern targeted therapies on solid tumors seems rather modest and well below theoretical 

expectations for both potency and safety. For example, the antibody drug conjugate ado-

trastuzumab-emtansine (Kadcyla), a targeted therapy carrying a highly potent microtubule 

toxin, offers an overall survival benefit of 30.9 months as a monotherapy in the treatment 

of HER2-positive advanced breast cancer patients after prior treatment with trastuzumab 

and a taxane [14]. Erbitux, a monoclonal antibody directed against the epidermal growth 

factor receptor, offers only an overall median survival benefit of 9.5 months for patients with 

wild-type K-Ras colorectal cancers [15]. Although these drugs are among the few cancer 

therapies that ultimately achieve FDA approval (5%), they exemplify different classes of 

therapeutic agents applied to the treatment of solid tumors that do not approach the level of 

success observed in the treatment of hematological malignancies. Even immune checkpoint 

inhibitors, deemed by some to show curative potential in the treatment of metastatic solid 

cancers, unlike any regimen currently available [16], offer limited overall survival benefits 

in addition to inducing very serious side effects. Ipilimumab, a fully human monoclonal 

antibody inhibitor of cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), offers a 

median OS of 11.4 months in the treatment of unresectable or metastatic melanoma [17]. 

In patients with advanced, previously treated NSCLC, overall survival was 12.6 months in 

a clinical trial testing atezolizumab, a humanized monoclonal antibody against programmed 

death ligand 1 (PD-L1) [18].

Despite revolutionary technologies enabling the discovery of novel targets and targeted 

therapeutic agents, why have the new age of targeted-by-design drugs not met theoretical 

expectations? Why have they increased patient survival benefit by mere months—not years 

and not cures? In addition to suboptimal preclinical tumor models [19,20], innate and 

acquired drug resistance [21], and poor therapeutic target identification, insufficient specific 

penetrance of anticancer drugs into tumors remains a key obstacle preventing the full clinical 
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realization of many innovative therapies [22,23]. Modern drugs are clearly well-designed 

to recognize a single target molecule; they can do so with great specificity and thus are 

clearly targeted by intent. However, when administered intravenously, they frequently lack 

sufficient access to solid tumors where the intended target can be bound to elicit maximum 

pharmacological effect. Unlike liquid tumors, access to the actual malignant cells inside 

solid tumors is impeded by a formidable vascular wall formed by a monolayer of endothelial 

cells (ECs) that is further fortified and surrounded by perivascular cells and extracellular 

matrix. Each of these vascular components—the endothelial cells, the perivascular cells, 

and the extracellular matrix— contributes directly and/or indirectly in varying degrees to 

restricting solid tumor penetration by systemic drugs. They ultimately impact drug access 

to the inside of the tumor and the actual intended target(s) of the drug. Modest or absent 

antitumor activity exhibited by the most promising therapies in clinical trials could be 

improved markedly with better delivery systems that overcome vascular barriers to deliver 

more drug inside solid tumors. Drugs cannot be fully effective unless they can engage their 

pharmaco-targets and accumulate at local concentrations high enough to have the greatest 

therapeutic impact possible.

All current systemically delivered anti-cancer molecular therapeutics rely on passive 

transvascular mechanisms to penetrate malignant primary and metastatic solid tumors. 

Passive transendothelial delivery, however, tends to be slow and inefficient and requires 

a high drug concentration gradient across the tumor EC barrier to drive any drug into solid 

tumors. Consequently, the unfortunate reality for patients is that only a very small amount 

of a given drug (usually given at fairly high doses) actually reaches tumors (< 0.1–1%) 

[2,24–33]. Hence, to achieve therapeutically effective drug concentrations in neoplastic sites, 

ever-increasing drug doses (approaching the maximum tolerated dose) are necessary to 

create sufficient blood-to-tumor concentration gradients across the EC barrier to drive uptake 

and see some level of efficacy. As such, poor delivery efficiency and drug toxicity continue 

to hamper the effectiveness of multiple classes of therapeutics [2,24–31,34–42].

Passive transvascular delivery also thwarts the ability of even the best antibody-based 

medicines engineered to selectively seek and destroy cancer cells to achieve their full 

therapeutic potentials. This is most clearly illustrated by nuclear imaging studies using 

antibodies to target radionuclides into tumor sites. Most radiolabeled antibodies injected 

intravenously not only enter and accumulate in tumors quite slowly but clear from the 

blood slowly as well. Therefore, they require several days to weeks before a clear tumor 

signal can be properly imaged. Prolonged radioimmunoconjugate circulation in the blood 

renders radiosensitive tissues such as the bone marrow and liver vulnerable to toxic side 

effects and may be the principle reason why intravenously injected radioimmunotherapy 

has not been clinically effective for the treatment of solid tumors [5,43–46]. Even the 

newest immunotherapies such as immune checkpoint inhibitors could benefit greatly from 

specific and efficient tumor delivery that maximizes the immune response inside tumors 

while reducing or avoiding inflammatory and other toxic autoimmune processes in other 

organs [47].

As poor drug delivery can limit and even prevent therapeutic efficacy in the treatment of 

solid tumors, new, radically different perspectives are urgently needed to first understand 
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and then hopefully overcome these significant biological barriers. In this review, we begin to 

describe major barriers obstructing therapeutic drug access to solid tumors and key pathways 

mediating passive transvascular delivery as well as examine a few different strategies that 

are being explored currently to improve tumor drug delivery and therapeutic efficacy. We 

also discuss how to get beyond passive transvascular delivery by harnessing a recently 

discovered active transport mechanism to achieve rapid tumor penetration that may someday 

help solid tumor treatments.

2. Vascular barriers

2.1. Normal blood capillary vessels

Systemic drugs administered via intravenous injection must overcome significant vascular 

barriers upon entering circulation to reach their intended tumor targets. Blood vessel 

permeability is regulated by a layer of endothelial cells that line the walls of capillaries, 

the primary site of exchange of material between blood and underlying tissues. In 

normal tissues, vascular barrier function is dependent upon the stability and integrity 

of these endothelial cells, their intercellular junctions, their attachments to surrounding 

basement membranes. Barrier function is also shaped by the back and forth communication 

between endothelial cells, their surrounding vascular cells such as pericytes as well as the 

parenchymal cells of the tissue itself. Variations in the presence or absence of these elements 

give rise to 3 broad types of capillary endothelium that are highly specific to certain types of 

organs: continuous, discontinuous and fenestrated [48] (See Fig. 1).

2.1.1. Continuous endothelium—Continuous endothelium is the most restrictive of 

the endothelial types and is most prevalent among organs such as heart, lung, and muscle. 

It has an abundant population of specialized plasmalemmal invaginations called caveolae 

and intercellular junctions tight enough to restrict the exchange of macromolecules, usually 

over 2 nm. In a smaller subset of organs requiring special protection or a controlled internal 

environment such as the blood-brain barrier, testis, and retina, the continuous endothelia are 

even more restrictive and on par with the tightest epithelial cell barriers. In such endothelia, 

caveolae are absent and intercellular junctions are especially tight, only permitting the 

passage of water and very small solutes. They are so restrictive that they must express 

specific cell surface proteins to transport even molecules as small as glucose.

2.1.2. Fenestrated endothelium—The fenestrated endothelium is moderately 

restrictive to molecules and are designed for the more rapid, convective exchange of 

molecules required for proper organ function. They have abundant ~70 nm circular windows 

spanning the attenuated endothelial cells themselves which are usually sealed by a thin 

diaphragm. These fenestrae enable high water and small solute fluxes with a minimal 

permeability change to macromolecules and are found in the renal glomerulus and endocrine 

tissues.

2.1.3. Discontinuous endothelium—The discontinuous endothelium is characterized 

by large 100 to 200 nm wide gaps in between endothelial cells and minimal basement 

membranes. It is highly permeable to essentially all molecules but not cells. This endothelial 
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type supplies organs with extreme filtering and defense functions such as the liver, spleen, 

and bone marrow.

It is quite apparent that the passage of molecules across blood vessel walls into normal 

organs and tissues is fine tuned, highly regulated and dependent upon morphological and 

molecular features of different classes of endothelial cells. Each endothelium is optimally 

designed to meet organ function needs and can actually be induced to switch from one 

subtype to another when vascularizing grafted tissues originating from different organs [49]. 

Specific factors have been identified that can modify endothelial permeability or even induce 

specific structures like fenestrations in continuous endothelia, as in the case of VEGF [50].

The vascular endothelium can thus be viewed as a master gatekeeper controlling passage 

of blood molecules and cells into the inside of the tissue (interstitium and parenchyma). 

As such, the many different types of endothelia in the body performs their regulatory 

gatekeeping duties in response to meeting the vastly different metabolic and homeostatic 

needs of resident host organs or tissues.

2.2. Tumor vasculature and vascular determinants of drug penetration and efficacy

Several structural and functional abnormalities in the tumor vasculature impede the 

systemic delivery of therapeutic agents into solid tumors and/or affect their overall efficacy 

[22,51,52]. At a gross level, tumor blood vessels lack the hierarchical and evenly spaced 

organization of well differentiated arteries, arterioles, capillaries, venules and veins of 

their normal counterparts. Chaotic, disorganized and morphologically torturous, tumor 

vessels also tend to be enlarged and dilated. The increased vascular surface area of tumor 

vessels contributes to increased vascular leakiness by creating more access points by which 

molecules can pass into the tumor interstitium. They also exhibit irregular branching patterns 

that include excessive loops and arteriovenous shunts. Consequently, blood flow patterns in 

tumor vessels tend to be erratic, sluggish, and lack a consistent unidirectional path which 

impacts the efficiency and uniformity of drug delivery.

2.2.1. Tumor endothelia and sprouting angiogenesis—Tumor endothelia may 

exhibit varying degrees of permeability to drugs that reflect different aspects of the 

3 major endothelial types in a heterogeneous and limited manner. Many preclinical 

tumor models, especially subcutaneous ones, predominantly feature blood vessels derived 

from the proliferation and migration of endothelial cells from preexisting vessels in the 

surrounding microenvironment via a process called sprouting angiogenesis [53]. Angiogenic 

blood vessels in experimental tumor models may exhibit widened interendothelial cell 

junctions, lack organized basement membranes, feature ample fenestrations, and exhibit 

tenuous pericyte contact, all leading to increased permeability. Described by some to be 

a hallmark of cancer [54,55], sprouting angiogenic growth is induced by factors in the 

tumor microenvironment, the most important of which is vascular endothelial growth factor 

(VEGF). Through its actions on VEGF receptors, VEGF is critical for both inducing 

vascular sprouting to create new blood vessels to support tumor growth [56,57]. Importantly 

for drug access, VEGF also increases tumor vascular permeability by inducing fenestrations 

in endothelial cells and increasing transcellular pores through vesiculo-vacuolar organelles 
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(VVOs, see section 4.1) which enables increased extravasation of fluids and nutrients as well 

as therapeutic agents across the vascular wall [50,58].

Sprouting angiogenesis, however, does not reflect the full range of vasculatures possible in 

human solid tumors [59–63] as the genetic and epigenetic profiles of tumor endothelial cells 

are influenced by extracellular signals originating from the tumor cells and the local stroma. 

Heterogeneity in tumor vasculature may be a major factor contributing to the disappointing 

clinical performances of contemporary anti-angiogenic drugs that are typically designed to 

block tumor angiogenesis by inhibiting VEGF, specific VEGF receptors or key downstream 

targets in VEGF receptor signaling pathways [56,57].

2.2.2. Vessel co-option—In addition to sprouting new blood vessels via angiogenesis, 

tumors can hijack and take over existing vasculature by migrating along the blood vessels 

of host organs in a VEGF-independent process called vascular or vessel co-option [61,64]. 

Vessel co-option may underlie some forms of intrinsic and acquired anti-angiogenic drug 

resistance in human cancer patients [59,60,65,66]. Mature vessels co-opted by tumors may 

lack the excessive leakiness of sprouting angiogenic vessels and thus reflect more the basal 

permeabilities of the host organ vasculature (our unpublished observations). Identifying 

specific functional or molecular biomarkers that define clinical tumor vessel phenotypes 

such as co-opted vessels will be critical in order to model them preclinically, to understand 

their underlying mechanisms of development, and to learn how they impact extravasation of 

drugs and therapeutic efficacy. As significant pools of human cancer patients with tumors 

using co-opted vessels may not be represented in many current tumor models that rely on 

angiogenic sprouting processes to develop blood supply, the inclusion of tumor models that 

utilize co-opted vessels will be very important in preclinical drug testing.

2.2.3. Heterogeneity in VEGF dependence and permeability among sprouting 
angiogenic vessels—Sprouting angiogenic vessels themselves are dynamic structures 

and can eventually lose their hyperpermeability and become VEGF-independent [52]. 

Early angiogenic vessels, referred to as mother vessels, tend to be lined with endothelial 

cells that are structurally abnormal with VEGF induced fenestrations and widened 

interendothelial gaps. This leads to hyperpermeability which can increase drug extravasation 

into tumors. Mother vessels, however, are transient structures that can evolve into one 

of three different daughter vessels—glomeruloid microvascular proliferations (GMPs), 

vascular malformations, and capillaries [52]. Resembling renal glomeruli, GMPs are VEGF-

dependent and hyperpermeable to plasma and plasma proteins like mother vessels. In 

contrast, vascular malformations form when mother vessels acquire an asymmetrical coat 

of smooth muscle cells and eventually become impermeable to macromolecules and able 

to persist in the absence of VEGF. Capillaries evolved from mother vessels are VEGF-

independent as well and form by intraluminal bridging from endothelial cell projections. 

Like normal capillaries, they are not hyperpermeable. Thus, early angiogenic mother vessels 

can lose responsiveness to anti-angiogenic therapies by evolving into VEGF-independent 

capillaries or vascular malformations. In addition, these classes of daughter vessels are 

relatively impermeable to macromolecules and may exhibit reduced drug extravasation.
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2.2.4. Vasculogenic mimicry, intussusception, and vasculogenesis—Other 

forms of tumor vascularization may occur through processes such as vasculogenic mimicry, 

intussusception, and vasculogenesis. Vessels may be created through vasculogenic mimicry 

when tumor cells take on the properties of endothelial cells and are resistant to anti-

angiogenic therapies.

Intussusception or non-sprouting angiogenesis is a process of vascular remodeling and 

expansion that subdivides pre-existing vessels to form new vessels [67–69]. The resulting 

vessels have normal physiological permeabilities and are not hyperpermeable like sprouting 

angiogenic vessels. Little is known about the molecular basis of intussusception but it 

has been suggested that it may represent an adaptive response to treatment with various 

antitumor and anti-angiogenic compounds [70].

Finally, tumor vascularization may also arise from vasculogenesis, a process formerly 

believed to only occur during embryogenesis where endothelial cells coalesce to form 

vascular (capillary) tubes that ultimately fuse and grow in a branching pattern to 

yield an ever-expanding capillary plexus. This plexus expands, connects with patent 

functional vessels, and matures with the addition of perivascular cells. In tumors, however, 

vasculogenesis has also been shown to occur through circulating bone marrow derived 

endothelial progenitor cells in the blood that differentiate into endothelial cells and 

incorporate into tumor sites [71]. Further study is needed to assess the impact of these 

forms of tumor vascularization on drug extravasation and/or tumor responsiveness to anti-

angiogenic therapies.

2.2.5. Insufficient vascular density—Tumor cells often proliferate faster than the 

endothelial cells supporting their neovascularization. The resulting reductions in tumor 

vascular density lead to neoplastic cell populations situated at distances well over 100 

μm from the nearest blood vessel. This contrasts sharply with normal cells of the human 

body which are typically within 50–100 μm of a capillary. Loss of proximity to the 

vasculature not only contributes to tumor cell hypoxia and metastasis but also to uneven 

drug penetration and distribution. Thus, insufficient drug penetration may underlie some 

forms of drug resistance observed in human patients as even hypoxic regions of solid tumors 

have been shown to house cancer stem cells with the potential to repopulate tumors after 

their destruction by therapeutics [72].

2.3. High interstitial fluid pressures

Drug penetration can also be impeded by increased interstitial fluid pressures (IFP) in 

solid tumors created by a combination of vessel compression by proliferating cancer cells, 

insufficient lymphatic drainage and/or increased extravasation of proteins and fluids from 

leaky tumor blood vessels. A reported feature of many types of solid human tumors 

including breast and colorectal carcinomas and metastatic melanoma, interstitial pressures 

tend to be uniformly elevated throughout the center of the tumor and drop precipitously 

in the periphery [73,74]. In normal tissues, transcapillary pressure gradients tend to be 

slightly negative or fairly low and enable outward flow into tissues. The convective force 

from water flux drags other molecules across the EC barrier. In contrast, high IFPs in 
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solid tumors reduce hydrodynamic driving forces on drugs moving passively across the 

EC barrier and thus can impede drug penetration and reduce therapeutic efficiency. Higher 

IFPs tend to correlate with poorer overall prognosis for human patients [75], however, this 

is not always the case [76,77]. IFP can vary considerably and may be abnormally high 

in many current tumor models in part because fast tumor growth may impair the proper 

and synchronized development of vascular and lymphatic vessels. Whether desynchronized 

vessel development is widely prevalent in the more slowly growing tumors of many human 

patients remains to be determined.

3. Paracellular transport across the endothelium

Transport across the EC barrier is possible via routes between the cells (paracellular) or 

through the cell (transcellular). In normal tissues, the paracellular route mediates most 

of the diffusive and convective transport of fluids, solutes, and in some cases small 

macromolecules through interendothelial cell junctions. In normal endothelium under basal 

conditions, the intercellular junctions restrict macromolecular exchange in a size-dependent 

manner that can be modelled as cylindrical pores. In solid tumors, most therapeutic agents 

(including targeted antibodies, radioimmunotherapies, nanoparticles, and small molecule 

drugs) are dependent upon passive diffusive delivery in part through paracellular transport 

(Fig. 2).

At least 2 types of junctional structures—adherens and tight junctions— form between 

endothelial cells. Endothelial cell-cell junctions are composed of different adhesive 

transmembrane proteins that are expressed in adjacent endothelial cells and are anchored 

to the actin cytoskeleton via cytoplasmic molecules. Tight junctions tend to be located more 

apically than adherens junctions and are composed of transmembrane adhesive proteins such 

as the occludins, claudins, and junctional adhesion molecule-1 (JAM-1) (see review [78]). 

Adherens junctions are comprised of cadherin family members such as vascular endothelial 

cadherin (VE-cadherin) and anchor to the actin cytoskeleton via members of the catenin 

family [78]. These adhesive molecules create junctions when they link with each other 

across the intercellular space between adjacent endothelial cells. They create a molecular 

sieve that regulates the paracellular passage of molecules and are subject to upstream 

regulatory control by molecules such as VEGF [79].

3.1. Paracellular transport into tumors

The tightness of endothelial cell intercellular junctions varies considerably among normal 

tissues, from extremely restrictive in brain, testis and retina to wide open and very leaky in 

liver and bone marrow. This wide variability is reflected in the vasculatures of solid tumors. 

Though tumor blood vessels tend to be leakier than their normal tissue counterparts, they do 

not usually reach the levels of the leakiest vessels supplying normal tissues (i.e. liver and 

bone marrow). The tight and adherens junctions in tumor vessels of some animal models 

are aberrant, and even wide-gapped, and thereby exhibit increased endothelial permeability 

permitting passage of endogenous macromolecules. This increased permeability is the 

primary mechanism by which most anti-cancer agents enter the tumor interstitium. This 

passive transvascular drug delivery requires a concentration gradient between the blood 
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and the tumor interstitium to passively drive drugs across the endothelial barrier to be 

eventually taken up into the tumor parenchyma—the tumor tissue itself. In normal tissues, 

low interstitial pressures enable convective movement of fluids and solutes into tissues. 

In tumors, however, high interstitial fluid pressures probably prevent convection, rendering 

delivery primarily, if not solely, by diffusion. Poor blood flow can also slow down passive 

drug extravasation from blood vessels. The need to create a concentration gradient large 

enough to move drugs by diffusion across interendothelial junctions is the reason why 

increasingly high dosages are required and why high potency anti-cancer drugs are sought 

to effectively treat human tumors. Even antibody-drug conjugates intending to target tumor 

cell surface antigens require some of the most potent toxins known. However, as discussed 

above, not all tumors have a preponderance of sprouting angiogenic blood vessels that 

exhibit increased vascular permeability. In such cases, a dependence on passive mechanisms 

to deliver drugs would lead to poor and insufficient drug accumulation in tumors.

A sub-mechanism of passive transvascular delivery that has gained popularity is the so-

called enhanced permeability and retention (EPR) effect. First described by Maeda, the 

EPR effect posits that the high vascular permeability of solid tumors enables the selective 

entry and accumulation of compounds of a certain size range preferentially in tumors over 

normal organs. Furthermore, the tumor retention of these compounds is facilitated by poor 

to absent lymphatic drainage that limits egress [80]. The EPR effect is a major consideration 

in the contemporary design of nanoparticles carrying anti-cancer agents and is proposed 

as a mechanism that promotes selective drug delivery and targeting into tumors over other 

organs. It has also been commonly invoked to justify passive delivery strategies for a wide 

spectrum of therapeutics including antibodies, antibody-drug conjugates, and even smaller 

compounds.

According to this model, if properly sized, compounds will selectively enter solid tumors 

due to high vascular permeabilities. They will then be retained inside the tumor because 

of poor lymphatic drainage. The classic EPR perspective predicts tumor uptake and 

accumulation will not benefit from binding to specific targets inside tumors; “targeted” 

and “untargeted” probes of the same size will thus be retained similarly, regardless. 

Theoretically, the optimal size of a candidate nano-drug needs to be large enough to avoid 

renal excretion but small enough to avoid liver uptake and sequestration. EPR may be a 

simple and unrealistic model of drug delivery, however, as tumors vessels are not as leaky 

as those in the liver or reticuloendothelial system (RES). In addition, tumor vessels tend to 

be far more leaky in most standard tumor models than in many solid tumors in humans. 

Thus, a truly perfect window for nanoparticle size is unlikely ever to be defined for actual 

human tumors. Indeed, the high failure rate of experimental nano-cancer therapeutics in 

clinical trials [2] and the high variability in permeabilities across different types of tumor 

vasculatures together suggest that the EPR effect may be insufficient to achieve the levels of 

selective tumor targeting and penetration necessary to generate therapeutically optimal drug 

concentrations in tumors without comparable non-toxic concentrations in other organs or 

even in blood. In a recent analysis of delivery efficiency from over 200 preclinical data sets, 

a median of 0.7% of the injected nanoparticle dose actually ever reaches a solid tumor [2]. 

Thus, while targeting drugs to tumors may reduce some toxic side effects, current targeted 
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anticancer therapies rely upon a high concentration gradient to enter tumor sites and are thus 

subject to the same delivery constraints as their untargeted counterparts.

4. Transcellular transport across the endothelium

Transcellular routes mediate the passage of molecules through the endothelial cell itself and 

are an alternative strategy for cancer drug delivery that needs broader consideration among 

current therapeutics. Transcellular transport occurs through five different mechanisms:

a. Transmembrane movement of water and small molecules either passively across 

the lipid membrane or via specific membrane proteins that facilitate or even 

actively transport (e.g. ion pumps, glucose transporters).

b. Fenestrations in endothelial cells, as described in the previous section 2.12, 

Passage across fenestrations is a passive process.

c. Transendothelial channels which form transiently and infrequently from the 

union of several caveolae in a string extending across the endothelium’s 

luminal to abluminal surface. These transendothelial channels essentially mimic 

a cylindrical pore from the luminal surface to the abluminal surface of the cell 

and exhibit selective permeability based on the size of the pore itself. They 

constitute a passive transvascular delivery route.

d. Vesiculo-vacuolar organelles (VVOs) are grape-like clusters of interconnected 

vesicles and vacuoles that span the cytosolic spaces of individual endothelial 

cells lining capillary venules [58]. They create a convoluted pathway across the 

cell which resemble bloated transendothelial channels but are not necessarily 

composed of caveolae. Requiring a specific signal to open, VVOs constitute 

a passive transvascular delivery route by which even nano-sized cargo can 

easily enter and move passively through the endothelial cell to reach the tissue 

interstitium. This passive form of transport is driven by a gradient across the EC 

barrier created by higher concentrations of molecules in the circulating blood 

relative to concentrations found inside the tissue.

e. Caveolae are flask-shaped plasmalemmal invaginations which mediate vesicular 

membrane trafficking or transport of molecules across the cell through 

invagination, budding, docking, and fusion [91,92,101,136]. For decades, 

caveolae were initially associated with classic pinocytosis (fluid phase 

endocytosis) in many cell types. As transcytotic vesicles in endothelium, 

caveolae can mediate fluid phase transcytosis and even contribute to the passive 

transvascular transport of large macromolecules. These macromolecules enter 

via caveolae ostia (openings at the membrane) and travel through a 20 nm 

neck region to the bulb of the caveolae. In addition, a more selective receptor-

mediated transcytosis can occur when ligands bind “receptors” in caveolae. 

Recently, antibodies targeting proteins highly enriched in caveolae revealed 

the additional role of caveolae as a pumping system that can traffic caveolae 

targeting antibodies and their cargo actively across the EC barrier, even against a 

concentration gradient [37–39,81].
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These modes of transcellular transport can all mediate passive transendothelial delivery and 

are all regulated to some degree, however, only caveolae and certain transmembrane pumps 

actively transport molecules as well. In terms of tumor drug delivery, routes via caveolae or 

VVOs are highly relevant and applicable but are not currently utilized as major drug delivery 

strategies in the clinic (Fig. 2).

4.1. Vesiculo-vacuolar organelles (VVOs)

Passive transcellular passage of anti-cancer drugs into tumors is theoretically possible 

through structures discovered by Drs. Harold and Ann Dvorak and their colleagues termed 

vesiculo-vacuolar organelles (VVOs). Found in both human and animal tumors as well as 

normal tissues, VVOs have been described as largely “sessile structures” that are unlikely 

to shuttle back and forth across the endothelial cell cytoplasm like caveolae [58]. Electron 

micrograph (EM) serial sections show that most VVO clusters extend from the luminal to 

the abluminal plasma membrane of venular endothelial cells and thus, in principle could 

serve as a pore-like conduit through which molecules can diffuse or hydrodynamically 

flow across the EC to access the tumor interstitium [82]. Electron microscopy experiments 

using horseradish peroxidase and ferritin tracers show clear transvascular movement of 

large macromolecules down a concentration gradient where concentrations are high in the 

vessel lumen, lower inside the VVO progressively and even lower exiting the VVO and 

in the interstitium. These studies also show the thin stomatal diaphragms separating each 

vesicle-vacuole can be in either an open or closed state and thus affect the passage of 

molecules through the VVO network [82–84]. VVOs of normal tissues frequently exhibit 

closed diaphragms and permit minimal passage of molecular tracers whereas those from 

angiogenic tumor models or ad-VEGF-induced tissue models are hyperpermeable and have 

been observed to rapidly release tracers into the tumor interstitium [82–84].

Interestingly, Dvorak and colleagues posit that, in tumors, VVO stomatal diaphragms may 

be opened by VEGF secretion and may be a significant contributing factor to tumor vessel 

leakiness in some tumor models. This hypothesis is supported by the observations that 

1) VVOs from normal tissues can be induced to become hyperpermeable to tracers with 

the application of VEGF (also histamine and serotonin) in animal models [82,85], and 

2) VEGFR2 localizes to tumor VVOs [86]. In addition, the large amount of membrane 

stored in VVOs appears to contribute to the formation of mother vessels, early angiogenic 

structures, as venules enlarge significantly [85,87,88].

Beyond a general morphological characterization, little is known about the molecular 

composition of VVOs and whether they are related to caveolae. Although subsets of 

VVOs have been detected to colocalize with caveolin-1, caveolin-1 knockout mice have 

no caveolae but normal numbers of VVOs, suggesting that VVOs are not structurally 

similar to caveolae. However, caveolin-1 knockout mice also appear to exhibit reductions 

in permeability in certain tissues and reduced numbers of mother vessels, suggesting that 

VVOs may be functionally dependent on caveolin-1. In terms of transport mechanisms, it 

is not entirely clear how the entry of molecules into VVOs and across the endothelial cell 

monolayer is controlled. Given their predominance in tumor venules, and robust ability to 

extravasate macromolecules across endothelial cell barriers, further molecular and functional 
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characterization of VVOs is warranted and would potentially enable a way to harness this 

important transcellular route to improve drug delivery.

4.2. Transcytosis via caveolae, an active transport mechanism

Active transvascular delivery mechanisms require energetic processes to move molecules 

from the vascular side of the endothelial cell barrier into the tissue interstitium and can do 

so against a concentration gradient. This is an important consideration, because efficient 

active transport does not require high drug concentrations to drive transvascular delivery 

into tumors via diffusion or hydrodynamic drag. Active transport also does not require 

intravascular fluid pressures exceeding interstitial fluid pressures to push delivery. In fact, 

the elevated interstitial pressures often seen in solid tumors need not deter active transport 

mechanisms such as those utilizing caveolae. Caveolar trafficking into and across the 

endothelial cell can occur uncoupled and independently from hydrodynamic and convective 

transvascular forces.

Over the course of 30 years, our group has been studying the caveolar transport pathway, 

a major transcellular route in endothelium. First discovered more than a half century ago 

by George Palade [89,90], noncoated plasmalemmal vesicles now termed caveolae are ~70 

nm flask-shaped membrane invaginations that are distinct from clathrin-coated vesicles and 

act as dynamic transport vesicles [91–95]. They mediate endocytosis in many cell types 

and transcytosis, particularly in endothelium [34,93–96]. Numerous in quantity, caveolae 

can constitute up to 50–70% of the endothelial cell surface membrane and 15% of the total 

endothelial cell volume in vivo [97]. A distinctive feature of most continuous endothelia 

such as those of the lungs and heart, caveolae move across the endothelial cell, from the 

luminal (blood) side to the abluminal (tissue) side, to transport cargo from the blood to reach 

the inside of the interstitium and parenchyma of target organs and tissues. Initially predicted 

by Palade to be able to engulf and carry a “quanta” of plasma cargo [98,99], caveolae can 

carry proteinsized molecules across the EC into tissues by budding away from the luminal 

EC surface to reattach with the plasma membrane on the other side of the EC (abluminal 

surface) and release their contents.

Early debates over whether caveolae were static or dynamic structures extended over many 

decades until experiments showed that caveolae could be induced to bud from the plasma 

membrane via specific molecules mediating vesicle budding, docking and fusion [92,100]. 

We have shown that: i) caveolae are released from the plasma membrane to form free 

caveolae through a membrane fission process that utilizes energy from GTP hydrolysis 

[92,101]; this process is mediated by dynamin, a GTPase which forms an oligomeric 

spring-like coil at the neck of caveolae ii) both nonhydrolyzable GTP (GTPɣs) or a mutant 

dynamin that is unable to hydrolyze GTP prevent caveolae budding and trafficking, and 

(iii) caveolae trafficking requires specific SNARE/SNAP proteins that mediate docking and 

fusion of the budded caveolae with their target membranes [91]. Thus, caveolae harbor 

specific molecular machinery for their own trafficking and utilize cellular energy to move 

molecules into and across the endothelial cell. Like caveolae, clathrin-coated vesicles can 

also mediate endocytosis; they are well known to transport maternal IgG in the blood 

across the placental endothelium and tissue to reach the fetal blood. However, many 
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endothelial cells, especially those of continuous endothelium, harbor few clathrin-coated 

vesicles but have an abundance of caveolae. Caveolae-mediated transcytosis bypasses 

lysosomes and their degradative enzymes, an important consideration for therapeutic drug 

delivery. Thus, given these properties, caveolar transport could have significant potential as a 

transendothelial drug delivery mechanism for therapeutic agents.

4.3. Kinetics of caveolar transport into normal tissues

Extensive studies of caveolar transport in normal lung tissues provided the first 

demonstrations that caveolae targeting is a viable strategy to actively transport cargo across 

the endothelial cell barrier [37,38,81]. In uncovering the caveolae pumping system, these 

studies also showed caveolae carry molecular cargos that are highly specific for different 

tissues. Active transcytosis cannot be properly studied in vitro, because cultured endothelial 

cells phenotypically drift and develop fewer caveolae. They also lose tissue-specific protein 

expression due to the absence of the tissue microenvironment. Therefore, we realized after 

a decade of EC culture studies that caveolae expression and transport studies must be done 

in vivo, requiring the development of new technology. Our subsequent transport studies 

into lung tissues relied upon a sophisticated in vivo imaging system and a monoclonal 

antibody we developed that specifically recognizes aminopeptidase P2 (mAPP2). Using 

mass spectrometry and western blotting techniques, in vivo proteomic analysis of caveolae 

and the luminal plasma membranes of vascular endothelium—each isolated directly from rat 

lungs—discovered that aminopeptidase 2 (APP2) is expressed on EC surfaces abundantly 

in lung and not other organs; APP2 is also highly concentrated in lung EC caveolae [38]. 

EM analysis confirmed the caveolar localization of APP2 and showed mAPP2 specifically 

targets caveolae in lung endothelium (Fig. 3) [37].

To move beyond static EM images of caveolae targeting at fixed time points, we used high 

resolution intravital microscopy (IVM) to visualize in real-time, EC binding and processing 

of fluorophore-labeled mAPP2 in lung tissue after intravenous injection of live mice (Fig. 

4a). These dynamic imaging studies revealed rapid delivery of mAPP2 into lung tissue. 

First, EC surface binding of the mAPP2 probe was readily observed within 10 s after 

intravenous injection. Next, transport of the probe from the bloodstream and across the 

EC barrier occurred within the first minute. This event was followed by the mAPP2 probe 

flooding the lung tissue thoroughly in < 10 min [37]. In line with the nano-molar affinity of 

these antibodies, low injection doses, measured in μg/kg (< < 1 nmol/kg) and yielding low 

nM blood concentrations, showed ample EC binding and pumping. This antibody cleared 

from the blood and concentrated inside the lung tissue within minutes of injection. In 

contrast, control IgG antibodies remained in the blood circulation; and antibodies to the EC 

surface marker CD34 bound and concentrated at the EC surface without tissue entry. At 1 

h post-injection, neither antibody extravasated into lung tissue, even at 10 times the mAPP2 

dose.

Even when blood levels of mAPP2 were lower than its tissue concentration, the antibody 

still continued to move across the vascular endothelial cell barrier and accrue inside 

lung tissue despite a considerable transvascular concentration gradient. Unlike standard or 

facilitated diffusion, active transport is the movement of a substance against its concentration 
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gradient (from low to high concentration). Thus, by definition we have observed active 

transport or pumping of the caveolae targeting antibody probe across the vascular wall of 

the lung. This process of caveolar trafficking requires energy. Our basic studies on molecular 

mechanisms of caveolae trafficking in EC show the energy source, guanosine-triphosphate, 

must be hydrolyzed by a specific GTPase dynamin to induce caveolar budding and delivery 

[92,101]. This transvascular pumping also requires caveolae and is absent in the vascular 

endothelium of lung tissue from caveolin-1 knock-out mice [37]. Without caveolae, mAPP2 

only bound the EC surface and went no futher into or across the cell to penetrate the lung 

tissue.

Noninvasive dynamic ɣ-scintigraphy and SPECT-CT imaging studies of the whole rat 

verified the rapid kinetics and speed of mAPP2 targeting observed by IVM and established 

mAPP2 tissue uptake is very specific for lung (Fig. 4b). Rapid and specific lung targeting 

was readily observed with radiolabeled mAPP2 injected IV [37,81]. A lung silhouette was 

first discernible 10 s post-injection, and the heart could be seen as a dark, signal-free 

shadow. By 1 min, the lung signal was already clear and specific. In contrast, control 

mIgG was detected throughout the entire animal and exhibited little organ targeting with > 

100-fold less lung uptake. A comprehensive biodistribution analysis of a radiolabeled APP2 

antibody showed that > 70% of the injected antibody dose (%ID) accumulates in the lungs 

as early as 5 min after IV injection. Blood levels dropped concomitantly and very rapidly. 

Uptake in other organs was minimal [81]. Targeting indices at 1 h were unprecedented and 

included a mean tissue targeting index of 556 (TTI = antibody in tissue per g of tissue 

per antibody in blood per g of blood), a tissue selectivity index of 39,180 (TSI = TTI for 

targeting IgG per TTI for control IgG) as well as 446-fold more mAPP2 antibody in the 

lung than control mIgG; these indices indicated specific, rapid and significant lung delivery 

[37,81]. High levels of signal in lung tissue were observed over a prolonged period with 

significant levels present even 30 days after injection [81].

Further analysis showed that cumulative residence of mAPP2 was substantially higher in 

the lungs compared to all other organs and tissues [81]. Within minutes of IV injection, 

the mAPP2 lung concentration greatly exceeds its levels in other organs, even the blood. 

Consistent with an active transport mechanism, peak mAPP2 levels in the lungs even 

exceeded its peak blood concentration at the time of injection. Passive transvascular delivery 

mechanisms cannot achieve these levels of antibody accumulation on these rapid timescales. 

Other targeted antibodies typically take days for tissue accumulation to exceed concomitant 

blood levels and certainly never approach peak blood levels. In contrast, mAPP2 can 

concentrate specifically in the lung 10 or more times greater than the maximum blood 

concentration and > 500 times more than the concomitant blood level; this extraordinary feat 

has yet to be accomplished with any other probe.

These studies illustrate how the caveolae pumping system fundamentally differs from 

passive transvascular delivery in its robust ability to move cargo against a concentration 

gradient even with low doses of a caveolae targeting agent (e.g. APP2 antibody). Active 

delivery via caveolae exceeds passive transvascular delivery into lung by > 100-fold. mAPP2 

is the first probe to be pumped across vascular endothelium and actively penetrate a single 

tissue of the body very specifically. Approaching the theoretical ideal of targeting, mAPP2 
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concentrates very rapidly and robustly in the lungs and is cleared by pumping from the 

blood within minutes of IV injection.

5. Strategies to improve passive drug delivery into tumors

There are multiple pathways mediating passive transvascular transport across structures such 

as EC junctions and VVOs that can be regulated by specific factors and signaling pathways. 

This has led to several interesting new strategies to enhance drug delivery and therapeutic 

efficacy in solid tumors.

5.1. Vessel normalization

The vessel normalization hypothesis defines a strategy to increase passive transvascular 

drug delivery into tumors through the use of anti-angiogenic therapies that target VEGF 

and its downstream signaling partners [102]. VEGF was initially discovered as a vascular 

permeability factor by Harold Dvorak [103]. It was later cloned by Napoleon Ferrara [104], 

who led the development of the first anti-angiogenic directed at VEGF, bevacizumab. A 

humanized monoclonal VEGF antibody that blocked the growth factor’s ability to draw 

and maintain tumor blood vessels, bevacizumab dramatically decreased vessel density and 

inhibited tumor growth in preclinical tests [105]. As a first line monotherapy in clinical 

trials, however, the VEGF antibody offered no additional survival benefit to human patients. 

Instead, a modest improvement in the treatment of different cancers was observed when it 

was co-administered with standard chemotherapy agents [106]. The underlying mechanism 

for this clinical synergistic combination, was not immediately obvious—how was it possible 

to increase the efficacy of therapeutic drugs if the leaky blood vessels required to deliver 

them were being destroyed?

In studies of first generation experimental anti-angiogenic drugs such as TNP-470 and 

minocycline, Beverly Teicher presaged these clinical effects in experimental tumor models 

and proposed that anti-angiogenics might potentiate chemotherapies by affecting blood 

vessels and the surrounding microenvironment and thereby improving drug delivery [107–

109]. To explain the clinical findings with bevacizumab, Jain further refined this idea and 

championed the concept of vessel normalization, a still controversial and counterintuitive 

working model that specifically posits anti-angiogenics increase drug delivery into tumors 

by making vessels appear and function more normally [102]. In this process, loss of 

VEGF signaling enhances tumor blood flow and drug delivery by pruning abnormal, poorly 

functioning vessels, normalizing endothelial cell function, and ultimately reducing high 

tumor interstitial fluid pressures. Thus, anti-angiogenics such as bevacizumab may exert 

a spectrum of effects on tumor vessels. At high doses or with long term use, they may 

rapidly prune away tumor blood vessels and effectively shut down tumor growth, but as 

a result, also reduce drug access to tumors in the process. At lower doses or when used 

on shorter timescales, anti-angiogenic drugs may create a brief window of opportunity that 

may improve delivery by normalizing the tumor vasculature, alleviating interstitial fluid 

pressures, and thus enhancing blood flow and drug delivery into tumors.

Vessel normalization is a counterintuitive idea, because VEGF signaling increases vessel 

permeability through multiple pathways (e.g. VVOs, fenestrations, and intercellular 
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junctions) and thus promotes passive paracellular delivery of drugs into tumors. Blocking 

VEGF signaling in the tumor microenvironment would therefore reduce drug accumulation 

in tumors. However, vascular hyperpermeability can also lead to excessive tumor interstitial 

hypertension and indirectly stall drug passage by eliminating gradients between vascular 

and interstitial pressures. In this scenario, loss of VEGF signaling through anti-angiogenic 

treatment would then improve drug passage into tumors. The conditions under which anti-

angiogenics might improve drug delivery, therefore, are highly specific and require high 

tumor interstitial pressures and poor lymphatic drainage– conditions that do not necessarily 

apply to all tumors. Indeed, based on early preclinical investigations, Teicher and colleagues 

predicted heterogeneity in the responsiveness of tumors to anti-angiogenics [109].

This prediction appears to have been borne out in in clinical trials. Application of vessel 

normalization strategies by pretreating tumors with anti-angiogenics prior to delivery of 

chemotherapeutic agents has yielded mixed results both in terms of improving treatment 

outcome and/or blood perfusion of tumors [110,111]. In one clinical study, Van der Veldt 

and colleagues directly observed reductions in drug delivery into non-small cell lung cancer 

(NSCLC) tumors several days after administration of an induction dose of bevacizumab 

[111]. This finding was supported in a separate imaging study by Jain and colleagues 

where overall reduced blood flow, volume, and permeability were also observed in a group 

of NSCLC patients after anti-angiogenic induction [110]. This latter study extended its 

observations by also showing that patients could be stratified based on changes in blood 

flow patterns after treatment. The best responders to the bevacizumab and chemotherapy 

combination were those few patients who showed improved blood perfusion of tumors after 

anti-angiogenic induction.

Concurrent delivery of anti-angiogenics with other therapeutic agents also has led to mixed 

clinical results (see review [106]). Many of these combination therapies have not improved 

patient survival outcomes in clinical trials. For some observed failures, it has been suggested 

that optimal scheduling and dosing for anti-angiogenic and chemotherapy delivery needs 

to be further tested [112,113]. The wide variability in the clinical literature, however, 

highlight the subtleties and difficulties inherent in the application of vessel normalization 

strategies. The optimum anti-angiogenic dose and drug regimen for combination therapies 

incorporating anti-angiogenics are likely to differ among different cancer types and 

even within individual patient groups. In addition, unlike many current tumor models, 

a significant percentage of human solid tumors may obtain blood supply through non-

angiogenic, VEGF-independent processes such as vessel co-option and thus are inherently 

resistant to anti-angiogenic therapies [59, 61, 65, 66]. Identifying biomarkers that will help 

predict which patients will likely benefit most from this approach is a critical step towards 

more consistent outcomes.

5.2. Vascular promotion

Vascular promotion is another strategy designed to facilitate passive transvascular drug 

delivery into solid tumors by increasing vessel density, vascular permeability, as well 

as enhancing tumor blood flow. It combines the pro-angiogenic properties of low dose 

cilengitide, an integrin inhibitor, with the vasodilating properties of verapamil, a calcium 
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channel antagonist. Verapamil, a drug approved for treating high blood pressure and angina 

pectoris, increases the supply of blood and oxygen to tissues by relaxing smooth muscle 

lining blood vessels and has previously been shown to increase tumor blood flow in vivo in a 

preclinical model for mammary adenocarcinoma [114]. Cilengitide is an RGD-based cyclic 

peptide that was designed to function as an anti-angiogenic agent through the inhibition of 

αvβ3 integrins which are highly upregulated in tumor endothelial cells [115,116]. It also 

has affinities for the related integrins αvβ5 and α5β1 [115]. The RGD motif (Arg-Gly-Asp) 

is a minimal binding site that enables endogenous extracellular matrix proteins such as 

fibronectin to bind to integrins [117]. Despite relatively low toxicities in early clinical testing 

and strong preclinical efficacy, cilengitide (at high doses) failed to demonstrate therapeutic 

benefit in the treatment of glioblastoma in a large, randomised Phase 3 clinical trial [118]. 

Though its further clinical development as an anticancer drug was subsequently terminated, 

cilengitide may still be repurposed as part of a vascular promotion therapy.

The Hodivala-Dilke research group has observed that, at low doses, RGD-based integrin 

inhibitors like cilengitide become paradoxically pro-angiogenic and increase tumor vascular 

density and growth in preclinical tumor models reportedly by attenuating VEGFR2 

degradation and promoting VEGR2 recycling [119]. Using this property of low dose 

cilengitide, they demonstrated a triple cilengitide/verapamil/gemcitabine combination 

therapy outperforms gemcitabine alone in orthotopic models for pancreatic cancer and 

human lung cancer as well as a genetically engineered mouse model for pancreatic cancer 

[120]. Improvements in gemcitabine’s therapeutic efficacy were also accompanied by 

significant increases in tumor blood vessel densities and reduced levels of tumor hypoxia 

[120].

Testing the ability of vascular promotion therapy to improve blood perfusion in human 

tumors and enhance the effects of other classes of anticancer agents in preclinical models 

will be a rational step. Though therapeutic doses of verapamil or cilengitide are both well 

tolerated by human patients, their combined efforts could still potentially impact patients 

presenting with other health conditions like hypertension or cardiac disease. Therefore, 

determining the tumor specificity of cilengitide through complete imaging analyses as 

well as the toxicity of its combination with verapamil will also be important. Like vessel 

normalization, however, this approach is likely only applicable to VEGF-dependent vessels 

and may benefit from efforts to identify imaging and molecular biomarkers to identify 

cancers that are most likely to respond to anti-angiogenics. In addition, it opens the question 

of whether other anti-angiogenic drugs elicit similar dosage dependent effects on tumor 

vasculature.

5.3. iRGDs

iRGDs are unique peptides that are designed to penetrate tumors by incorporating two 

separate peptides sequences that were both identified through phage library screens–the 

integrin binding Arg-Gly-Asp (RGD) motif and a cell penetrating CendR element [117,121–

123]. Integrins such as αvβ3 and αvβ5 are expressed at low levels in various cell types 

but highly upregulated on tumor endothelium during angiogenesis. CendR peptides contain 

the consensus sequence R/KXXR/K and are reported to mainly target neuropilin-1 [122]. A 
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co-receptor for VEGF and semaphorin, neuropilin-1 plays important roles in angiogenesis, 

regulating vascular permeability, and axon guidance and is expressed broadly in many 

tissues.

In iRGDs, tumor specificity is designed to be conferred to the CendR element by 

incorporating RGD as a tumor-targeting peptide [121]. Direct conjugation of doxorubicin 

and other payloads up to nanoparticle size to the N terminus of the iRGD peptide can 

be accomplished with all functionalities preserved. These drug conjugates are proposed 

to be delivered by iRGDs into tumor tissue through a multistep mechanism. First, the 

iRGD peptide binds αvβ3 and αvβ5 integrins expressed on tumor endothelial cells. Next, 

a so far undefined cell surface associated protease cleaves the iRGD peptide to expose 

the CendR element at the C terminus. Finally, upon binding neuropilin-1, the CendR 

element triggers entry of the peptide and its cargo into tumors. Conjugation of therapeutic 

agents to iRGD peptides has been shown to improve efficacy in a number of preclinical 

models. In addition, combinations of the CendR peptide with other tumor targeting peptides 

such as the lymphatic targeting sequence LyP-1 [124] and the tumor vasculature targeting 

peptides F3 [125] and NGR [123] have also been shown to improve therapeutic efficacy 

in preclinical tests. Activation of neuropilin-1 by CendR peptides is reported to increase 

vascular permeability through an intracellular domain [126]. Consistent with this increased 

passive transvascular leakiness from neuropilin engagement, iRGD peptides do not have to 

be conjugated to the drug to elicit the benefit [127]. Uncoupled iRGD peptides appear to 

enhance the therapeutic efficacies of multiple drug classes simply by systemic co-injection 

[127]. These results have been questioned in a cancer biology reproducibility project which 

failed to observe key iRGD effects [128]. Some labs, however, have detected enhanced drug 

delivery and therapeutic efficacy with iRGDs but at levels ranging from 40% to 5-fold over 

background delivery [129,130]; these levels are much lower than the 7–40-fold originally 

reported [127]. Discrepancies in iRGD therapeutic efficacy in the published literature may 

stem from differences in the quality of the peptides used in experiments [131]. Clearer 

protocols on iRGD synthesis and in vitro verification processes with standardized activity 

assays may help to clear up questions about their functionality.

The transport mechanism by which the CendR motif in iRGDs induces the increased 

passage of attached and unattached cargo across the endothelial cell barrier remains unclear 

and has been speculated to occur through clathrin-mediated endocytosis or a process 

similar to macropinocytosis largely based on in vitro studies of tumor cell cultures; 

these findings have not been verified in vivo [132,133]. Another logical mechanism that, 

thus far, has not been ruled out is neuropilin-1 mediated increases in passive delivery 

through paracellular routes. To avoid many of the artifacts or caveats associated with 

cell culture techniques, future efforts to characterize iRGD transport mechanisms must be 

performed in vivo, most easily using intravital microscopy to follow transport under in 

vivo conditions. Immunohistochemical and EM techniques are also needed to visualize the 

delivery of fluorophore-labeled, biotinylated or gold particle labeled iRGDs into in vivo 

tumor endothelia.

A full evaluation of iRGD tumor targeting properties is also warranted preclinically as a 

prelude to clinical testing which is a logical step after several reported preclinical successes 
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with a wide array of therapeutic peptides. Many normal endothelial cells express both 

neuropilin-1 and many integrins. Therefore, well-performed targeting studies including both 

classic quantitative biodistribution analysis and whole-body imaging are needed, and so 

far, lacking. The only SPECT/CT imaging study to assess iRGD specificity provided a 

single over-saturated image post-injection that showed a clear tumor signal. However, by far, 

most of the detected dose still went to the liver and spleen in a manner that did not differ 

substantially from the unconjugated nanoparticle imaging agent alone [134]. We still do not 

know key absolute (not relative) tissue uptakes and what percentage of an intravenously 

injected iRGD drug dose accumulates in tumors versus other organs, regardless of whether 

the drug is iRGD-coupled or coad-ministered with the peptide. Hence, the actual tumor 

delivery, efficiency, and specificity of the iRGD-mediated delivery system is unknown and 

not properly quantified.

6. Active transvascular delivery using caveolae pumping

6.1. Subtractive proteomic mapping and imaging to identify targets in tumor and organ-
specific endothelial membranes and caveolae

In an effort to overcome the vascular barrier and the problems associated with passive 

transvascular drug delivery, work from our group in recent years has focused on 

ways to harness the caveolar transport pathway. Vascular endothelia are fine-tuned and 

adapted to support the functions of their host organ by factors in the surrounding 

tissue microenvironment. This led us to hypothesize that each organ’s microenvironment 

modulates protein expression in vascular endothelial cells and in EC caveolae, specifically 

[135]. In our early investigations into endothelial cell surface molecular heterogeneity, 

we developed a silica nanoparticle coating technique to physically isolate the luminal, 

blood accessible plasma membranes of vascular endothelium and its caveolae directly from 

multiple organs and tumors. These EC surface proteins were analyzed by large scale mass 

spectrometry and cataloged in a database that provides comprehensive, in vivo vascular 

proteomic maps that can be mined for molecularly distinct information. We discovered 

that EC plasma membranes and even caveolae of different organs and tissues have distinct 

proteomic signatures.

Our subtractive mapping identified tumor- or organ-specific proteins concentrated in EC 

caveolae that could provide a novel way to overcome the restrictive EC barrier, ultimately 

for the delivery and concentration of both large and small molecules within a specific tissue 

or tumor [34,36–39,94,136–140]. Applying subcellular fractionation and mass spectrometry 

techniques, we characterized the protein constituents of caveolae isolated from rat lungs 

carrying metastatic mammary tumors as well as caveolae from healthy lungs [38]. By 

subtracting the EC caveolar proteome in diseased tissues from healthy ones, we discovered 

tumor caveolae were unique in that they carry a truncated form of Annexin A1 (AnnA1). 

By screening hybridomas, we developed a series of monoclonal antibodies for this target 

including one, mAnnA1, that specifically recognizes AnnA1 across multiple species 

(human, rat, mouse).
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6.2. Annexin A1 a tumor-induced endothelial cell surface protein concentrated in 
caveolae

Annexin A1 is a member of the annexin family of proteins which bind to phospholipids 

in a calcium-dependent manner [141–143]. Initially studied for its role in inflammation, 

Annexin A1 has since been shown to be important for tumor growth, angiogenesis and 

metastasis [144] and is believed to block apoptosis by binding to p65 in the NF-kappaβ 
signal transduction pathway (for a review see [143]). The modified 34 kDa form of Annexin 

found through our subtractive proteomic analysis is truncated at Lys26 in the N-terminus, 

a modification that has been shown to be promoted by EGFR kinase phosphorylation of 

the protein [145,146]. We observed expression of AnnA1 in caveolae of multiple human 

tumors including breast, lung, liver, kidney, brain and prostate tumors, but not healthy tissues 

[38,39]. Its absence from the vascular endothelium of multiple normal organs concurs with 

previously published expression analyses, including tissue immunostaining, by other labs 

[147–149].

6.3. Dynamic imaging of caveolar transport into normal and tumor tissues

6.3.1. Kinetics of caveolar transport into tumor tissue—To define in greater 

detail how mAnnA1 is processed by normal and tumor EC in vivo, we developed and 

applied a new IVM tumor model imaging system to observe directly and continuously 

the binding and delivery of caveolae targeting antibodies carrying fluorescent reporters 

across the EC barrier [39]. This system includes computational algorithms we developed 

to assess and quantify EC surface binding and transvascular fluxes from digital movies 

[37,39]. IVM changes the status of tumors from a “black box” with little knowledge of 

their internal workings to a microscopically accessible biological system in which drug 

processing, targeting, kinetics and cellular events can all be observed and recorded in real 

time in live animals. It offers an unparalleled view into tumor development with dynamic, 

high resolution and continuous in vivo imaging of molecular and cellular events. It changes 

the status of tumors from a “black box” with little knowledge of their internal workings to 

a microscopically accessible biological system in which drug processing, targeting, kinetics 

and cellular events can all be observed and recorded in real time in live animals. By applying 

IVM to the dorsal skinfold window chamber, we were able to perform live dynamic imaging 

of implanted tumors for several weeks [39, 150]. We also developed novel tumor models that 

have orthotopic tissue microenvironments and are amenable to IVM to allow us to open the 

“black box” of the solid tumor and see inside.

Because subcutaneously implanted tumors, the most popular and current IVM standard, lack 

proper orthotopic stroma and lack fidelity with human tumors, we expanded the preclinical 

utility of the IVM tumor imaging system by creating an orthotopic tissue environment for 

tumors in the ectopic dorsal skin. We co-implanted different types of tumor cell spheroids 

with their corresponding minced, orthotopic tissues into dorsal skin window chambers to 

create an ectopic-orthotopic (EO) model [39,150]. Using various GFP expressing transgenic 

mice, we have shown that the implanted orthotopic tissue becomes the stroma of the new 

tumor and provides the co-opted blood vessels supplying it. Vascular tubes in the minced 

tissue fuse to form patent tumor blood vessels that anastomose with vessels of the mouse 

host to supply blood to the growing tumors [150].
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Following IV injection of fluorophore-labeled mAnnA1 into mice, dynamic and continuous 

in vivo transport studies using IVM of EO tumors show rapid EC binding and robust 

movement of the fluorophore cargo across the endothelium with release into the tumor 

interstitium; this caveolae targeting agent rapidly penetrates and achieves signal saturation 

in solid tumors within 1–2 h [39]. Despite the very low IV dose (1–3 μg fluoro-conjugate 

mAnnA1) and the resultant low to nil signal detected inside the blood vessels (observed 

throughout the duration of the experiment), the signal inside the tumor tissue continued 

to increase within minutes of injection until approaching image saturation at 60 min (Fig. 

5A). In addition, by incorporating a red fluorescent reporter into tumor cells and labeling 

mAnnA1 with a green one, we observed the two distinct signals colocalize. The antibody 

flooded the tumor throughout, but not the surrounding tissue.

An analysis of fluorescence signal from 3 major compartments (blood, endothelium, and 

tumor interstitium) was used to quantify mAnnA1 processing [39]. The first event, observed 

within minutes of fluoro-mAnnA1 IV injection, was rapid endothelial cell surface binding 

that peaked between 10 and 20 min. It was followed by a rising tumor interstitial signal 

that grew most rapidly after 30 min and matched the signal in the vascular wall by 60 min. 

At 1 h, > 98% of total fluorescence signal in the tumor was in the tumor interstitium (Fig. 

5B). This high magnification imaging revealed rapid mAnnA1 binding to the luminal EC 

surface with subsequent transendothelial pumping concentrating the fluorescent probe inside 

the tumor within 20–60 min of IV injection. Blood clearance of mAnnA1 was equally rapid.

This rapid tumor uptake of mAnnA1 exceeded uptake of control IgG or VEGF antibody 

probes by > 100-fold in three tumor types (prostate, lung and mammary). Although 

mAnnA1 concentrations in the tumor interstitium rapidly exceeded its levels in the blood, 

the antibody’s signal continued to rise. This is, by definition, active transport or in other 

words, pumping. Caveolae pumping transported the antibody across the EC barrier against 

a concentration gradient and a sizeable opposing diffusional force, opposite to the observed 

flux [38,39]. The antibody signal inside the tumor at 1 h post-injection is not only 50–100 

times greater than the declining signal in the blood but also exceeds the maximum blood 

signal that occurs at the time of injection by 5–10-fold, again consistent with active transport 

into tumors (Fig. 5B). Targeting tumors via the caveolae pumping system thus enables 

unprecedentedly rapid and active transcytosis into tumors, yielding extraordinarily high 

intratumoral concentrations despite the very low antibody dose given.

If caveolae pumping truly delivers fluorophore-labeled mAnnA1 into tumors, then we 

reasoned knocking out caveolin-1 should block transport. This was indeed the case. 

Genetically knocking out caveolin-1 stalled mAnnA1 transport at the endothelial surface. 

While its binding to the endothelium proceeded in the absence of caveolin-1, mAnnA1’s 

entry into the tumor interstitium and parenchyma was blocked (Fig. 5B) [39]. In contrast, 

knocking out the annexin A1 target prevented mAnnA1’s binding to the endothelium 

and also prevented its tumor uptake (Fig. 5B) [39]. This genetic evidence supports the 

transport data in confirming the caveolar basis of mAnnA1 cargo delivery into tumors and 

demonstrates the ability of this antibody to actively penetrate solid tumors requires caveolae 

and the target protein, AnnA1.
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6.3.2. Differences between caveolar transport into normal and tumor tissues
—Our studies of transvascular transport into the normal lung and tumor endothelia have 

enabled the observation that caveolar pumping is more rapid and robust in normal tissues 

than in tumors. The lung caveolae targeting antibody mAPP2 crosses the normal lung 

endothelium and approaches peak levels in the lungs within a few minutes. In contrast, 

mAnnA1 takes significantly longer to flood tumors (1 h). The slower kinetics of caveolar 

transport into tumors compared to normal tissues may be due to a number of factors 

including poor tumor blood flow and heterogeneity in tumor ECs leading to fewer caveolae 

or increased distances for transcytosis. In addition, tumors receive less of the cardiac output 

than the lungs and therefore less of the circulating antibody. Despite these differences, 

IVM imaging reveals caveolae can traffic rapidly and act as an efficient pumping system 

across endothelium in both normal and diseased tissues. mAPP2 was the first caveolae 

targeting antibody and probe to be 1) pumped across the EC barrier, 2) concentrate to 

unprecedented levels in a single tissue, and 3) target and actively penetrate lung tissue 

specifically. Likewise, mAnnA1 is the first agent to actively penetrate solid tumors and 

concentrate to levels exceeding peak blood levels. We have demonstrated the caveolae 

pumping system can successfully drive mAnnA1 conjugated probes directly into tumors.

Together, these results indicate that mAnnA1 recognizes a highly viable delivery target 

in blood vessels of rodent and human tumors, one that is inherently accessible and 

potentially useful for the imaging and treatment of a diverse array of tumors. By attaching 

therapeutic cargo to the mAnnA1 antibody, the caveolae pumping system could be utilized 

to concentrate toxic agents specifically in solid tumors while sparing healthy tissues. EM 

shows that caveolae targeting agents can enter and bind caveolae in tumor or vascular 

endothelium, respectively, and can carry cargo, even 10–15 nm gold particles, across 

the EC barrier [36,37]. Rather than relying on a passive concentration gradient to drive 

transendothelial transport into tumors, mAnnA1, with its attached cargo, piggybacks onto 

caveolae and uses the caveolae pumping system to access the tumor interstitium.

Thus, this technology embodies elements of an ideal targeted delivery system in its ability 

to pump cargo against a concentration gradient into the tumor interstitium. This caveolae 

targeting strategy must undergo extensive preclinical and clinical testing to determine 

whether caveolae pumping can enhance therapeutic agent delivery and anti-cancer efficacy. 

Detailed preclinical biodistribution and whole-body imaging studies, like the ones conducted 

for the lung caveolae targeting antibody mAPP2 [37,81], are absolutely necessary to 

evaluate the specificity of mAnnA1 for tumors in vivo. It will also be critical to evaluate 

the toxicity of the AnnA1 antibody and learn whether its ability to actively transport cargo 

into human solid tumors is as effective as it is in experimental tumor models. Although 

its potential for clinical and diagnostic applications appear tremendous, only future clinical 

imaging and therapy trials will define its ultimate benefits and challenges.

7. Concluding remarks

The last half century of research has slowly revealed that endothelial cells do not simply 

form a static, passive, cellophane-type permeability barrier that is uniform in all tissues. 

Rather, they constitute a dynamic range of morphologically and molecularly distinct barriers 
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in normal organs and in solid tumors. As such, we are only beginning to unmask the many 

secrets underlying how the endothelium functions to restrict and regulate the passage of 

molecules. Several vascular obstacles impede drug efficacy and delivery into solid tumors 

including poor blood flow, poor vascularization leading to hypoxic areas, high interstitial 

fluid pressures, and heterogeneity in the permeability and VEGF dependence of tumor 

vasculature.

In this review, we discuss the current state of a few vascular strategies designed to improve 

passive transvascular drug delivery into solid tumors and the challenges that remain to 

translate them into clinical benefit. Vascular promotion therapy is a fairly new drug delivery 

strategy that has yet to undergo clinical evaluation for both toxicity as well as efficacy. For 

vessel normalization as well as vascular promotion strategies, the identification of imaging 

or molecular biomarkers that predict which patients’ tumors will exhibit anti-angiogenic 

sensitivity would be a critical step towards achieving more consistent clinical outcomes. 

For iRGD based drug delivery strategies, full characterizations of iRGD tumor targeting 

that include measurements of absolute tissue uptake and tumor specificity are warranted in 

addition to clinical testing.

To maximize the potential of precision oncology, nanodrugs, and new generations of 

experimental therapeutics, as well as bolster the effectiveness of the current cancer drug 

arsenal, we may need to move beyond a reliance on passive delivery strategies and develop 

other strategies that allow for the rapid, specific, and active delivery of systemically 

administered agents directly into solid tumors. Akin to ion gradients across the plasma 

membrane driving passive transmembrane transport, passive transvascular transport relies on 

the potential energy stored in large concentration gradients between the blood and tumor 

interstitium to push drugs across the endothelial cell barrier and into the tumor. Molecules 

diffuse from high to low concentration in passive transvascular transport. In contrast, a truly 

active transport mechanism can utilize stored cellular energy in the form of ATP or GTP 

to force select molecules to be transported across a barrier in a direction opposite to the 

concentration gradient, namely low to high. The caveolae pumping system requires ATP 

and GTP driven membrane fission and fusion to traffic the release of specific bound cargo 

across the endothelial cell and thereby concentrate cargo inside the tissue. It can do so in 

vivo against a large concentration gradient in a very tissue specific manner. Our work with 

the AnnA1 antibody demonstrate the feasibility of harnessing the caveolae pumping system 

as an active delivery strategy to move cargo into tumor sites. Other imaging or therapeutic 

agents using this pathway, even at low intravenous doses, could also target tumor caveolae, 

be pumped across the endothelium, and concentrate inside solid tumors. Going beyond the 

current passive delivery paradigm may revolutionize how solid tumors and other diseases are 

imaged and treated in the future. More detailed targeting, imaging and therapeutic studies 

are needed to define the benefits and limitations of the caveolae pumping system.

In our work, we have demonstrated how proteomic imaging approaches to identify targets 

in transcytotic pathways such as AnnA1 in tumor caveolae and APP2 in lungs may be 

important ways to explore alternatives to passive transvascular targeting and bypass the 

need to create large concentration gradients between blood and tumor interstitium to deliver 

drugs. Given the immense plasticity of vascular endothelia and their sensitivity to their 
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microenvironment, there are likely many more caveolar targets waiting to be identified that 

may be specific to certain types of tumors, other diseases, or organs. We believe new active 

delivery strategies for therapeutic agents would open a new chapter in the long-running 

war against cancer and expand the current therapeutic repertoire used for the treatment of 

solid tumors. Much work is needed to convert promise into clinical reality for the many 

patients suffering from cancer. Towards this end, we strongly advocate for more research 

into ways to exploit both passive and active delivery routes to maximize therapeutic delivery 

and potency.
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Fig. 1. 
Major types of endothelial cells.

(A) Continuous endothelium.

(B) Fenestrated endothelium.

(C) Discontinuous endothelium.
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Fig. 2. 
Major mechanisms of drug delivery across the endothelial cell barrier into tumors.

Schematic representations of passive paracellular drug transport via interendothelial 

junctions, passive transcellular drug transport via vesiculo-vacuolar organelles (VVOs), and 

active drug transport via caveolar transcytosis. Note these schematic diagrams depict tumor 

continuous endothelial cells lacking fenestrations.
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Fig. 3. 
Sequential transcytosis of caveolae-specific antibodies across the vascular endothelium in 

vivo.

(A) Electron micrographs showing the gold particle labeled mAPP2 antibody entering and 

targeting luminal caveolae within 2–3 min after perfusion through isolated lungs.

(B) Transcytosis with clear endothelial release of gold particles from abluminal caveolae 

into the underlying perivascular space and lung interstitium.

(C) Gold particles taken up by epithelial caveolae, transcytosed across the epithelium, and 

released into airways. (Reprinted with permission from Ref. [36]. Copyright 2002 National 

Academy of Sciences [Proceedings of the National Academy of Sciences of the USA]).
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Fig. 4. 
Rapid and specific mAPP2 delivery into in vivo lung tissues via caveolae targeting.

(A–J) High-magnification intravital fluorescence microscopy of solitary lung microvessels. 

Athymic nude mice with implanted lung tissue were injected through the tail vein with 

indicated fluorophore-labeled antibodies (30 μg of control antibody, mIgG-A568, followed 1 

min later with 3 μg mAPP-A488). (a) Phase-contrast image of microvessel. (b) Fluorescence 

imaging of control mIgG-A568 60 s after injection showing ample intravessel signal but 

no detectable extravasation. (c–h) Fluorescence imaging at the indicated times after mAPP-

A488 injection. Despite a minimal intravessel signal, the low injected dose produces a 

progressively concentrated signal first at the endothelial cell surface and then within the 

perivascular space inside the tissue. (i) Coregistered dual fluorescence image taken 125 s 

after mIgG-A568 injection and 60 s after mAPP-A488 injection. (j) Imaging of control 
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mIgG-A568 at 180 s after injection shows signal in the microvessel lumen but not in the 

tissue interstitium.

(K) Polar plots of processed fluorescence images in tissue cross-section. As measured 

from IVM images of solitary lung microvessels collected after intravenous injection of 

fluorophore-labeled mAPP2 or IgG antibodies, fluorescence intensities were converted to 

polar coordinates using the central axis of the blood microvessel as the zero-reference 

point. The average intensity for each antibody is represented in pseudo-color (see embedded 

colorimetric scale) at the post-injection times indicated. The outer border of the tissue space 

examined is represented by a black circle. The blood-endothelial cell interface is represented 

by the thin lined, smaller circle. Scale bar, 20 μm.

(L) Dynamic and planar ɣ-scintigraphic live imaging of rats injected with 125I–labeled 

mAPP2 or mIgG antibodies, as indicated. Representative static frames captured at the 

indicated times show rapid and specific accumulation of mAPP2 but not mIgG within the 

rat lung. For mAPP2, arrowhead denotes heart shaped cavity rendered by apparent lack 

of signal in blood-engorged heart and strong signal in lung. For mIgG, dotted yellow 

circle and arrowhead indicates heart with significant circulating signal from control IgG. 

(Reprinted with permission from Ref. [37]. Copyright 2007 Nature Publishing Group 

[Nature Biotechnology]).
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Fig. 5. 
Rapid and specific mAnnA1 delivery into in vivo IVM tumors via caveolae targeting.

(A) Fluorescence IVM imaging of mammary tumor after intravenous injection of mAnnA1 

shows rapid and pervasive tumor penetration. Low-magnification images captured from light 

and fluorescence video microscopy through window chambers of H2B-mCherry–expressing 

N202 mammary tumors (red) in mice after tail vein injection of 4 μg of mAnnA1 conjugated 

to Alexa Fluor 488 fluorophore. Light phase image shows the tumor and its vasculature. The 

static images were captured in the red or green fluorescence channel at the indicated times. 

The overlap of red- and green-channel images (tumor and mAnnA1 probe, respectively) is 

shown at the 60 min timepoint (last panel). Scale bar, 300 μm.

(B) Static images captured through window chambers of mammary tumors in mice injected 

intravenously with fluorophore conjugated antibodies (mAnnA1, IgG, or mVEGF) and 

imaged continuously with fluorescence video microscopy at high magnification. The first 
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frame is a light image of the tumor and vasculature. Subsequent fluorescence image frames 

were captured at the indicated times after injection of 2 μg of the Alexa 488 fluorophore-

conjugated mAnnA1 (green). Scale bar, 20 μm.

(C) Quantification of fluorescence uptake in three compartments of tumors. Region-of-

interest analysis of blood, endothelium and tumor interstitium was performed to measure 

the fluorescence intensity detected at 60 min post-injection of the indicated antibodies 

(mAnnA1, mIgG, mIgG (H) and mVEGF), all at 3 μg except for an additional dose at 10 

μg for mIgG –designated mIgG (H)–in WT mice and in Cav1KO and AnnA1KO mice. Data 

are presented as the mean ± s.d. for n = 3. *P < 0.05, **P < 0.01, each compartment signal 

for mAnnA1 was compared to all other antibodies. The mAnnA1 compartment signal for 

Cav1 KO or AnnA1 KO was compared to WT mice. Ranked ANOVA with Tukey’s post-hoc 

test. (Reprinted with permission from Ref. [39]. Copyright 2014 Nature Publishing Group 

[Nature Medicine]).

Kim et al. Page 39

J Control Release. Author manuscript; available in PMC 2022 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Vascular barriers
	Normal blood capillary vessels
	Continuous endothelium
	Fenestrated endothelium
	Discontinuous endothelium

	Tumor vasculature and vascular determinants of drug penetration and efficacy
	Tumor endothelia and sprouting angiogenesis
	Vessel co-option
	Heterogeneity in VEGF dependence and permeability among sprouting angiogenic vessels
	Vasculogenic mimicry, intussusception, and vasculogenesis
	Insufficient vascular density

	High interstitial fluid pressures

	Paracellular transport across the endothelium
	Paracellular transport into tumors

	Transcellular transport across the endothelium
	Vesiculo-vacuolar organelles (VVOs)
	Transcytosis via caveolae, an active transport mechanism
	Kinetics of caveolar transport into normal tissues

	Strategies to improve passive drug delivery into tumors
	Vessel normalization
	Vascular promotion
	iRGDs

	Active transvascular delivery using caveolae pumping
	Subtractive proteomic mapping and imaging to identify targets in tumor and organ-specific endothelial membranes and caveolae
	Annexin A1 a tumor-induced endothelial cell surface protein concentrated in caveolae
	Dynamic imaging of caveolar transport into normal and tumor tissues
	Kinetics of caveolar transport into tumor tissue
	Differences between caveolar transport into normal and tumor tissues


	Concluding remarks
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.

