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Acute inflammation is a common dangerous component of pathogenesis of many prevalent conditions
with high morbidity and mortality including sepsis, thrombosis, acute respiratory distress syndrome
(ARDS), COVID-19, myocardial and cerebral ischemia-reperfusion, infection, and trauma. Inflammatory
changes of the vasculature and blood mediate the course and outcome of the pathology in the tissue site
of insult, remote organs and systemically. Endothelial cells lining the luminal surface of the vasculature
play the key regulatory functions in the body, distinct under normal vs. pathological conditions. In theory,
pharmacological interventions in the endothelial cells might enable therapeutic correction of the
overzealous damaging pro-inflammatory and pro-thrombotic changes in the vasculature. However, cur-
rent agents and drug delivery systems (DDS) have inadequate pharmacokinetics and lack the spatiotem-
poral precision of vascular delivery in the context of acute inflammation. To attain this level of precision,
many groups design DDS targeted to specific endothelial surface determinants. These DDS are able to pro-
vide specificity for desired tissues, organs, cells, and sub-cellular compartments needed for a particular
intervention. We provide a brief overview of endothelial determinants, design of DDS targeted to these
molecules, their performance in experimental models with focus on animal studies and appraisal of
emerging new approaches. Particular attention is paid to challenges and perspectives of targeted thera-
peutics and nanomedicine for advanced management of acute inflammation.
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1. Introduction

The primary interface between blood and tissues is the mono-
layer of vascular endothelial cells lining the lumen of all blood ves-
sels. This layer of cells provides an enormous surface area in
contact with blood (3000–6000 m2), a scale approached in the
human body only by the total surface area of erythrocytes
(�3500 m2). Under basal conditions, endothelial cells provide
many critical functions, including transport of nutrients & oxygen,
immune surveillance, serving as a barrier, regulation of coagula-
tion, among many others [1]. This privileged location in the body,
set of important regulatory functions, and massive surface area
underlies the observation that the endothelium is a critical site
for pathological changes and, as such, pharmacological interven-
tions in many inflammatory conditions.

Despite a complete lack of distributional barriers between the
bloodstream and endothelial cells, achieving pharmacologically-
relevant concentrations of small molecule and protein therapeu-
tics within these cells remains a significant challenge. In part,
this is due to the lack of any specific affinity for drug binding
to endothelial cells. Furthermore, in some organs, first of all
the brain, endothelial cells express efflux transporters (e.g. p-
glycoprotein, breast cancer resistance protein) that actively
pump drugs out of endothelial cells and back into the blood-
stream [2]. This lack of natural affinity of drugs for endothelium
provides a pharmacokinetic (PK) impetus to develop targeted
drug delivery strategies able to concentrate drugs in these criti-
cally important cells.

Optimal delivery of therapeutics to protect against and treat
vascular inflammation relies on unraveling a highly interdepen-
dent web of processes affecting drug disposition and action. In this
review, we describe how drug delivery system (DDS) properties
and pathological changes in the vasculature combine to impact
PK and biodistribution of targeted DDS. With these factors in mind,
we discuss the impact of drug targeting on treatment of acute
2

inflammation, as well as how therapeutic interventions may cause
or exacerbate existing vascular inflammation.
2. Vascular inflammation

Endothelium is formed by a single cell layer that lines all blood
vessels and is in direct contact with blood. The shape of endothelial
cells varies between different vessel types, with a square shape in
capillaries (�30–50� 30–50 lm2) and an elongated shape in arter-
ies (�10–20 � 40–50 lm2) [3]. In most organs, endothelial cells
form a continuous cellular monolayer with tight but dynamic
intercellular junctions. But in liver and spleen, the monolayer is
discontinuous, resulting in gaps of a few hundred nm to a few
microns that allow migration of large macromolecules and blood
cells from blood to these organs [4–6]. Endothelial cells serve as
a semi-permeable barrier and regulate the blood flow, exchanges
between bloodstream and surrounding tissues, and quiescence of
circulating leukocytes [7]. During pathological challenges,
endothelial cells are activated and lead to alteration of vascular
function and tone. These phenotypic changes in endothelial cells
can be leveraged in the development and design of strategies to
target therapeutics to the site of injury.
2.1. Blood flow

Under normal circumstances, quiescent endothelial cells form a
non-adhesive surface with negatively charged glycocalyx that
repels blood cellular elements and presents a highly thromboresis-
tant surface by elaboration of mediators that prevent fibrin accu-
mulation, including thrombomodulin, endothelial protein C
receptor, tissue plasminogen activator, heparin-like substances,
as well as anti-platelet mediators including ADP-decomposing
enzyme CD39 and NO-producing enzyme NOS [8]. In sites of vascu-
lar damage, alterations in the coagulation and hemostatic systems,



Fig. 1. Surface exposure of endothelial target molecules in inflammatory pathologies. Acute inflammation is a dynamic process. Changes in expression of endothelial surface
proteins drive pathophysiological changes in the injured tissue. These changes in physiology can be harnessed to attain high levels of drug delivery in the target tissue.

Table 1
Comparison of main distribution mechanisms for nanoparticles.

Distribution
Mechanism

Advantages Disadvantages

Convection Minimal distribution to healthy
tissues (except RES)
Delivery to tissues with
inflamed/irregular vasculature
can be achieved (e.g. tumor)

Highly inefficient process
for pharmaceutical
nanoparticles

Non-Specific
Uptake

Nanoparticle properties can be
engineered to either favor or
avoid these pathways

Major route of elimination
for nanoparticles
Competes with
mechanisms directing
nanoparticles to target
tissues

Affinity
Targeting

Can achieve selective delivery
to injured tissues, cells, sub-
cellular compartments

Potential for delivery to
undesired tissues
expressing target antigen
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resulting from inflammatory factors, increased cytokine levels, etc.
causes endothelial cells to switch to a pro-thrombotic phenotype
[9,10]. Pro-coagulant molecules are also exposed, such as: tissue
factor (TF), phosphatidylserine (PS), P-selectin, and von Willebrand
factor. Additionally, some proteins regulating coagulation
Table 2
Readouts of Endothelial Function and Inflammatory Status in Acute Pathologies.

Readout Rodent Human

Endothelial
Function/
Status

Extravasated proteins (e.g.
albumin), dextran, and/or
leukocytes
Tissue Homogenate: CAM
expression
Intact Organ: Wet/Dry ratio

Plasma levels of
biomarkers of
endothelial injury [279]

Inflammatory
Status

Tissue Homogenate: Pro-
inflammatory cytokine levels
(mRNA/protein), WBC infiltration

Plasma levels of pro-
inflammatory cytokines
Changes in WBC counts
and coagulation
parameters

Note: Unless otherwise noted, all tests used clinically could presumably be applied
in rodent models.

3

(e.g. thrombomodulin) are shed from the cell surface and/or
inactivated.

2.2. Sensory, signaling and regulatory functions

As endothelial cells represent a critical interface in the body,
they are integral in signaling between components of blood and
the surrounding tissues through their myriad of cell-surface recep-
tors, including many that are used for drug targeting (see discus-
sion below). In addition to sensing physical forces from flow
shear stress, endothelial cells also transmit chemical signals,
including oxygen and carbon dioxide, nutrients, vasoactive agents,
transporting molecules (e.g., lipoprotein and albumin), pathologi-
cal mediators (e.g., cytokines, proteases, reactive oxygen species
(ROS)), and other natural or injected compounds [3].

2.3. Transport and exchange

Beyond signaling, endothelial cells also control transport of
molecules, nutrients, and cells between blood and parenchyma
via transcellular and intercellular mechanisms [11]. Under patho-
logical conditions, pathways are activated that open gaps between
adjacent endothelial cells and results in leakage of plasma proteins.
In response to endothelial dysfunction, migration of leukocytes
into tissues is also enhanced via upregulation of surface expression
of cell adhesion molecules and integrins.

2.4. Host defense and inflammation

Endothelial cells tightly regulate cellular and humoral mecha-
nisms of both innate and adaptive immune defense. The
membrane-bound complement regulatory proteins, membrane
cofactor protein and CD59 are constitutively expressed on healthy
endothelial cells, to prevent undesired activation of complement
and provide protection against complement-mediated injury
[12]. The endothelium is also a key player in maintaining home-
ostasis of IgG, through the salvage pathway mediated by the
neonatal Fc receptor (FcRn) [13–15].

The interaction with defense cells is one of the biggest immune
roles of endothelial cells. Increased production of ROS in the



Fig. 2. Nanocarriers for vascular delivery. Typically, the nanocarriers size ranges from 10 nm to less than 1 lm. Antibody-drug conjugates and magnetic nanoparticles for
imaging are below 50 mm. Micelles, lipid nanoparticles (liposome and solid lipid nanoparticles) and polymeric nanoparticles often yield a few hundred nanometers to a few
microns. Particles smaller than 10 nm tend to be cleared by kidney from circulation or extravasate into tissue. Particles larger than 20 nm but smaller than 200 nm
predominantly undergo reticuloendothelial system (RES) clearance, while above 500 nm particles tends to be trapped in the microvasculature.
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vascular wall has been implicated in many pathologies, including
hypercholesterolemia [16], myocardial infarction [17], lung/brain
ischemia/reperfusion [18,19], hypertension [20], and organ trans-
plantation [21], impaired the bioavailability of nitric oxide, which
contributes to the vasoconstriction, blood flow disturbance, and
platelet activation. Such activation of endothelium promotes vas-
cular cell proliferation and inflammation, and release of cytokines
and chemokines that activate and attract leukocytes to transmi-
grate from blood to tissue via exposure and upregulation of cell
adhesion molecules (CAMs). The recruitment and activation of
leukocytes in turn aggravates inflammation [22].

Pathological activation and damage of endothelial cells have
been implicated in the pathogenesis of ischemic-reperfusion
injury, local and systemic inflammation, acute respiratory distress
syndrome (ARDS), sepsis, thrombosis, tumor growth, atherosclero-
sis, hypertension, restenosis, arthritis and many others [7,23–26].
These maladies involve, to varying degrees, abnormality of
endothelial regulation, such as clotting, edema, abnormal blood
flow, local metabolism, oxidative stress, inflammation, drug pro-
cessing, and more [3,27–29]. Due to the strategic location and
numerous functions in those maladies, the endothelium represents
a key therapeutic target site [1,30–32].

This review primarily focuses on acute pathological conditions.
When considering drug delivery to treat acute inflammation, many
of the pathological changes described above have been utilized
either to achieve selective drug delivery to sites of injury and to
select pathways for therapeutic interventions (e.g. detoxification
of ROS or blockade of pro-inflammatory signaling). Inflammatory
pathologies are a dynamic process with changes in local expression
of potential target epitopes and cell populations, among others
(Fig. 1). In Table 2, we summarize readouts of vascular inflamma-
tion that can be measured in both preclinical (rodent) models
and in patients. The potential impact of vascular inflammation on
targeted drug delivery is highlighted below.

3. Pharmacokinetics of drug delivery systems

Due to the diverse array of DDS classes and properties, it is
unsurprising that PK and biodistribution (BD) parameters can vary
greatly. While the purpose of this review is not to provide an
exhaustive description of DDS PK [33], a brief overview of typical
mechanisms controlling the disposition of nanocarriers is pro-
vided. Following systemic administration, there are multiple com-
peting processes that control blood and tissue exposure to DDS
that can be modulated by engineering nanocarrier properties (see
discussion below).

Tissue distribution of DDS can be controlled by several pro-
cesses, including: 1) transport by bulk fluid flow (convection)
4

directly from the bloodstream to the interstitium in tissues where
inter-endothelial pores are large enough to permit transport [34],
2) recognition and uptake by phagocytic cells with direct accessi-
bility to the bloodstream (e.g. hepatic Kupffer cells), and 3) interac-
tions with specific molecular targets conferred by affinity ligand
conjugation (Table 1). The balance of these processes dictates rel-
ative distribution to desired vs. undesired sites.

However, distribution is in direct competition with elimination
from the body, which is typically via either renal filtration of very
small DDS (<10 nm) or via uptake by cells of the reticuloendothe-
lial system (RES), which also affects distribution to tissues such as
liver and spleen. As described below, engineering of DDS proper-
ties, such as size, charge, and flexibility, can provide some degree
of control over PK/BD properties and is a viable strategy for
enhancing targeted drug delivery.
4. Drug delivery system properties

Many classes of DDS have been utilized for targeted delivery to
sites of vascular injury and inflammation, including antibody- and
polymer-drug conjugates [35,36], liposomes [37], polymeric
nanoparticles [38], nanoparticles, magnetic nanoparticles [39],
solid lipid nanoparticles [40], and dendrimers [41]. In Fig. 2, we
summarize typical size ranges and clearance pathways for selected
nanoparticles.
4.1. Size

One of the most important and extensively studied parameters
affecting nanoparticle behavior is size. Titanium dioxide, iron
oxide, and gold particles often yield particles up to 50 nm [42–
44]. Polymeric nanoparticles, liposomes, and core–shell micelles
normally are hundreds of nanometers [45,46]. And lipid nanopar-
ticles, silica nanoparticles have diameters from a hundred nanome-
ters to a few microns [47,48]. It is well-established that
nanoparticle size is a key factor affecting the route and efficiency
of elimination from the body. Particles smaller than 10 nm tend
to be cleared via renal filtration [49] and tissue extravasation
[50]. Particles larger than 10–20 nm predominantly undergo RES
clearance by phagocytes in organs such as liver and spleen [51].
Even larger particles (diameter > 500 nm) are likely to mechani-
cally lodge in the first microvascular bed after injection, where
capillaries only have a diameter of a few microns [52]. Generally,
spherical particles with a diameter of 50–300 nm stay in the circu-
lation longer because they are large enough to avoid kidney and
liver sequestration, but small enough to escape splenic filtration
[53].
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Additionally, particle size may mediate cellular internalization
pathways. For instance, small particles with a diameter of 60–
100 nm tend to enter the cells through caveolae-mediated path-
ways [54,55]. Particles with the sizes ranging from 10 to 300 nm
are often endocytosed through clathrin-mediated mechanisms
[56,57], while larger particles are engulfed via micropinocytosis.
Of course, particles can be driven to specific endocytic pathways
via molecular targeting to specific cell surface receptors.

Furthermore, particle size can affect targeting to the vascular
wall. Several groups have studied the role of size on margination
to the vessel wall [58–61]. For example, Lee et al compared vascu-
lar distribution of spherical particles, sizing from 10 to 1000 nm
[62], and Charoenphol et al elucidated the effect of particle size
along with hemodynamics, vessel size, and blood rheology on
adhesion to the vessel wall [59]. Both studies reported that larger
particles preferentially accumulate to the vessel walls in a size-
dependent manner.

4.2. Shape

In many cases, particle shape also affects circulation and cellu-
lar interactions. Gratton et al showed that rods are prone to show
highest cellular uptake, followed by spheres, cylinders, and cubes
when all the particles are above 100 nm [63]. Other studies also
demonstrated lengthened circulation half-life and reduced liver
accumulation of disk-shaped particles, when compared to spheri-
cal particles [64]. Flow-responsive filamentous polymeric micelles
that align with the blood flow circulated up to 10 times longer than
their spherical counterparts [65,66]. In addition to changes in non-
target-dependent PK, changes in nanoparticle shape are also able
to impact interactions with cell-surface targets. For example, stud-
ies of the effect of distinct shapes on vessel wall targeting, demon-
strated that non-spherical particles underwent enhanced
margination and adhesion to vessel wall vs. their spherical coun-
terparts [60,67]. Direct comparisons between rod-shaped and
spherical nanoparticles showed that under flow, rod-shaped parti-
cles were able to bind better to target-expressing cells and had
improved delivery to target tissues [68–70]. Taken together, these
results suggest that selection of an optimal nanoparticle shape may
have dual benefits for drug delivery, both by reducing clearance by
the immune system and by enhancing interactions with target
cells.

4.3. Charge

In addition to nanocarrier size and shape, surface charge is also
an important parameter that determines the nanocarrier’s fate
in vivo. As the cell membrane possesses a slight negative charge,
Fig. 3. Endothelial determinants for targeted drug delivery. GPCR: G protein-coupled r
PLVAP: caveolae-associated protein aminopeptidase P2 and plasmalemma vesicle ass
adhesion molecules (CAMs). PECAM-1 and VE-cadherin: located at intercellular junction
receptor, constitutively expressed on endothelial cells.
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positively charged nanocarriers are taken up at a faster rate due
to electrostatically favorable interactions [71]. Surface charge also
affects corona composition, which is made up of multiple serum
proteins [72]. Protein corona formation enhances recognition by
phagocytes and accelerates the clearance of nanocarriers from
the bloodstream [73,74]. In order to prolong the retention time
of carriers in blood circulation and increase their chance to reach
their target site, surface conjugation with polyethylene glycol
(PEG) can neutralize the surface charge, preclude carriers from
interacting with blood components, and thereby increase particle
blood circulation half-life via avoidance of RES clearance [75].

4.4. Hydrophobicity

Hydrophobic interactions are one of the strongest non-covalent
interactions in biological systems. They play a crucial role in vari-
ous biological processes, such as biomolecule adsorption [76–78],
cell membrane interaction and adhesion [77,79], cellular uptake
[77], immune response [80], and hemolytic effects [81]. Jasinski
et al conjugated fluorophores of different hydrophobicities to
RNA nanoparticles and reported higher accumulation of the
nanoparticles in vital organs in mice with stronger hydrophobicity
[82]. In addition, hydrophobicity is closely related to immune
response, which affects the fate of the nanoparticles. Moyano
et al engineered gold nanoparticles with different degree of
hydrophobic functional groups and reported increasing hydropho-
bicity elicits increased immune response [80].

4.5. Ligand density

While specific endothelial target determinants are discussed
below, ligand density on the nanocarriers also affects greatly
PK/BD and cellular interactions. Studies have shown that increas-
ing nanoparticle avidity via increasing ligand number per
nanocarrier resulted in enhanced binding affinity to endothelial
cells and tissue uptake efficacy [83,84]. Additionally, introduction
of spacers, such as PEG, is commonly used when conjugating
ligand proteins to the nanocarriers. It decreases the crowding
effect and steric hindrance, and can enhance binding to target
proteins [85,86] On the other hand, the targeting specificity of
the nanocarriers depends on the ratio of ligand number and size
(surface density). For example, increasing the size of antibody-
drug conjugates from 40 nm to 300 nm led to improved
pulmonary vascular targeting. However, further increasing the
size reduced the specificity of targeting due to non-specific pul-
monary uptake [87]. Such ‘‘sweet spots” of ligand density for
nanocarrier and cell interaction likely varies between organs, cell
types, and pathological conditions.
eceptors. Integrin and CD13: angiogenesis and tumor-related receptors. APP2 and
ociated protein, located in caveolae. VCAM-1, ICAM-1, P-selectin and E-selectin:
. TM, ACE and Tfr: thrombomodulin, angiotensin converting enzyme and transferrin



Table 3
Expression of endothelial targets under pathological conditions for vascular drug delivery.

Target Protein Function Location Endocytosis Pathway

Stable PECAM/CD31 Intercellular signaling
Regulation of leukocyte migration

Pan-endothelial
Intercellular borders

CAM-mediated

TfR/CD71 Cellular uptake of iron Ubiquitous
Cell surface

Transcytosis
Clathrin-mediated

Decreased ACE/CD143 Conversion of angiotensin I to angiotensin II
Inactivates bradykinin [123]

Pulmonary microvasculature
Apical surface

Clathrin-mediated

VE-cadherin/CD144 Control vascular permeability and leukocyte
extravasation

Endothelial
Intercellular junctions [280]

Clathrin-mediated

Thrombomodulin/
CD141

Anti-inflammatory
Anti-thrombotic

Endothelial
Apical surface

Multiple

Increased ICAM-1/CD54 Signaling adhesion Migration of leukocytes Cell surface CAM-mediated
VCAM-1/CD106 Signaling adhesion and migration of leukocytes Apical surface Clathrin-mediated
E-selectin/CD62E Mediate leukocyte recruitment and blood clotting Microvascular

Apical surface
Clathrin-mediated

P-selectin/CD62P Mediate leukocyte recruitment and blood clotting Microvascular
Weibel-Plalade bodies

Unclear

APN/CD13
(increased but
shedded)

Digestion of peptides Apical surface of angiogenetic vasculature Clathrin-mediated
Caveolar [281]

Integrins avb3, avb5,
a5b1

Signaling, adhesion receptor and angiogenesis [282] Cell surface Clathrin-mediated

CD44 Cell surface Receptor-mediated
[283]

Unclear APP2/XPNPEP2 Ectoenzyme, peptidase Caveolae Caveolar
PLVAP/PV1 Microvascular permeability, structure and signaling Caveolae and fenestrae in lungs, heart and

kidneys
Caveolar

TEM1/CD248 Tumor angiogenesis Tumor endothelial cells Unclear
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4.6. Flexibility

Carrier flexibility is another key, and often underappreciated,
factor that can modulate targeting. As the diameter of the blood
vessel ranges from a few lm tomm, large (lm sized) rigid particles
and aggregates formed by small particles tend to become
entrapped in the microvasculature, while particles of similar size
but with flexibility in shape can squeeze through the capillaries
to pass through the microcirculation and prolong the circulation
[53]. Merkel et al modulated the modulus of hydrogel particles
by varying the cross-linking extent, and reported extended circula-
tion of the particles with low-modulus and similar size as red
blood cells (a few lm in diameter) [88]. Our group reported that
flexible lysozyme-dextran nanogels with the diameters of 150
and 300 nm could access to plasmalemma vesicle associated pro-
tein (PLVAP), a marker found in caveolae, while rigid polystyrene
particles could not [89]. Additionally, cross-linking of the flexible
nanogels to increase their rigidity reduced targeting to caveolar
epitopes, further highlighting the role of particle flexibility [90].

5. Target determinants

Numerous molecules localized on the surface of the endothelial
cells can serve as targets for therapeutic delivery. Target determi-
nants facilitate recognition of cells and enhance drug-loaded
nanocarrier endocytosis by cells [91,92]. It helps them to bypass
and evade the transporters responsible for efflux of cytotoxic drugs
once released into the cytoplasm [58,93,94]. However, the nature
of a ‘good’ molecular target is one that provides preferential deliv-
ery to desired sites, while minimizing drug uptake in tissues where
adverse events are likely. Many of the strategies used to favor tis-
sue distribution to desired sites were summarized above (Drug
Delivery System Properties). In this section, we focus on the nat-
ure of specific molecular targets that have been used to promote
preferential delivery to vascular beds of interest. Those molecules
have been identified and characterized via selective proteomic
mapping [95], in vivo phage display [96], or tracing ligand mole-
cules, and include enzymes, receptors, integrins, transporting
6

molecules, and cell adhesion molecules (CAM), among others
(Fig. 3). Expression of these markers may be pan-endothelial or
selective to specific vascular beds, types of vessels, or endothelial
activation status. Pathology may cause an increase, decrease, or
no change in expression of target epitopes (Table 3), which con-
tributes to selection of an optimal delivery strategy for generalized
conditions (e.g. sepsis and disseminated intravascular coagulation)
or local inflammation.

5.1. Stable expression

Platelet cell adhesion molecule-1 (PECAM-1, CD31) is expressed
to different degrees on most leukocyte subtypes and platelets, yet
at orders of magnitude higher density at the junctions between
adjacent endothelial cells at the stable level of 0.2–2 � 106 copies
per cell [97,98], even for multiple days after an acute inflammatory
insult [99,100]. While in vitro cell culture studies have shown that
PECAM expression is reduced following inflammation with no
effects on leukocyte transmigration [101], in vivo expression seems
to be stable following inflammation. Tissue-specific expression of
PECAM has been correlated with endothelial surface area in organs
[102]. As the pulmonary vasculature represents �25% of the
endothelial surface in the body and receives more than 50% of
the combined arterial and venous cardiac output, delivery to
PECAM leads to significant uptake in the lungs, which makes
PECAM an important target for treatment of acute lung injury, pul-
monary embolism, inflammation, and others [103–106].

The lung is not the only organ receiving DDS targeted to PECAM
and ICAM (see below). These determinants provide an opportunity
to deliver drugs to diverse vascular areas using intra-arterial route,
which enables to bypass the first pass phenomenon and thereby
enrich local uptake downstream the injection site. For example,
intracoronary injection of DDS targeted to PECAM and ICAM offers
augmented uptake in the heart, whereas infusion into mesenteric,
hepatic and cerebral arteries, respectively, provide orders of mag-
nitude elevation of the uptake and effect of the drugs in these
organs [53,107–110]. While these routes of administration could
be technically challenging, there is clinical precedence for inserting



Fig. 4. Resting endothelial cells do not interact with leukocytes and platelets. Nanocarriers targeting constitutively expressed molecules (e.g. PECAM-1, ACE) can be delivered
to the endothelium. Under inflammatory conditions, endothelial cells are activated and overexpress CAMs (VCAM-1, ICAM-1, P-selectin and E-selectin). Elevated activated
compliment components facilitate the upregulation of CAMs and enhancement of leukocytes activation and adhesion to endothelial cells and extravasation. Activated
endothelial cells also open up the intercellular junctions, which promote vascular leakage. Activated platelets by inflammatory cues and activated complement components
contribute to inflammatory cascades and induce aggregation. While the upregulation of epitopes on activated leukocytes, endothelial cells and platelets increase the targeting
site of the nanocarriers, the thrombus formation restricts blood flow and accessibility of nanoparticles to the downstream endothelium.
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catheters into these vessels. For example, removal of clots causing
ischemic stroke can be performed using mechanical thrombectomy
[111], which requires insertion of a catheter into vessels feeding
the brain. Injection of targeted DDS using the same catheter fol-
lowing clot retrieval would be a feasible strategy to achieve high
local delivery. Similarly, infusions into the hepatic [112] and coro-
nary [113] arteries have been tested clinically for local delivery of
therapeutics, demonstrating clinical potential for these routes of
administration.

Transferrin receptor (TfR, CD71) is stably expressed on endothe-
lial cells in a subset of organs, providing more tissue-specific cargo
delivery. Multiple groups have reported enhanced brain delivery
using TfR targeted nanocarriers [114–116]. However, TfR is not
specific for endothelium and expressed heavily in hepatic cells.
As result, DDS targeted to this determinant accumulate predomi-
nantly in this organ [117].

5.2. Target determinants decreased in pathological conditions

Pathological conditions often impact endothelial behavior,
which may include suppression or shedding of surface molecule
expression. For example, thrombomodulin (TM, CD141), a con-
stitutively expressed surface molecule under basal conditions,
regulates thrombosis and inflammation. Pulmonary and vascular
pathologies suppress TM expression or activity [118]. Under
acute conditions requiring oxygen ventilation, oxidative damage
to the lungs causes reduction of delivery of anti-TM monoclonal
antibodies to the lungs by 50% [119]. During infection, dissem-
inated intravascular coagulation, inflammation, and sepsis, and
as recently unveiled, in complications of COVID-19 an extracel-
lular fragment of TM was cleaved from the apical surface, lead-
ing to enhanced microthrombosis and leukocyte adhesion
[120,121]. Another constitutively expressed endothelial surface
molecule is angiotensin-converting enzyme (ACE, CD143), which
is also shed following pathological challenges. ACE is a metallo-
protease that converts angiotensin I into angiotensin II, and
indirectly regulates blood pressure. After exposure to inflamma-
tory cues or oxidants, decreased tissue ACE activity, reduced
uptake of ACE-targeted agents [122], and increased serum ACE
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activity have been reported [123,124]. Animal studies and
human studies have shown reduced lung targeting of anti-ACE
in pulmonary edema, lung ischemia–reperfusion and sarcoidosis
[1,125,126].

5.3. Target determinants increased in pathological conditions

In contrast to molecules such as TM and ACE, certain endothe-
lial surface markers are upregulated by abnormal blood flow,
oxidative stress and inflammation. Due to their enhanced exposure
on activated endothelium, these molecules represent attractive
targets to achieve selective drug delivery or imaging of an injured
site. For example, under basal conditions, intercellular adhesion
molecule-1 (ICAM-1, CD54) is expressed at the level of 0.2–1 � 10
5 copies per cell, but is upregulated to 0.5–3 � 105 copies per cell
on activated endothelium [127]. Similarly, expression of inducible
vascular cell adhesion molecule-1 (VCAM-1, CD106) also elevates
within several hours [98]. Conjugation with antibodies of these
molecules facilitates drug delivery to pathologically-altered
endothelium in in vitro and in animal models of inflammation
[107,128–130].

CAMs are involved in endothelial signaling and internalization
of nanoparticles. Endocytosis via CAM-mediated pathway, which
is triggered by redistribution, cross-linking, and clustering of CAMs
following multivalent binding of nanocarriers to endothelial cells,
induces rapid uptake of 85–90% of bound carriers within minutes
[131]. Anti-VCAM conjugation not only allows the drug carriers
to bind to activated endothelial cells, but also further activates
endocytosis, which can enhance the in vivo imaging signals
[132,133].

Selectins facilitate leukocyte and platelet adherence and activa-
tion. Resting endothelial cells sequester P-selectin (CD62P) within
Weibel-Palade bodies and also suppress transcription of E-
selectins. The activation of endothelial cells leads to exocytosis of
Weibel-Palade bodies, exposing P-selectin on the luminal surface
and inducing synthesis of E-selectin (CD62E) [7]. Anti-P-selectin
antibodies target not only activated endothelium, but also acti-
vated platelets [134]. Targeting to these epitopes can provide
excellent specificity in detecting and diagnosing activated
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endothelium via radioisotope tracing [135] or ultrasound imaging
[136].

It is worth noting that the expression of the endothelial surface
molecules may alter over time under pathological conditions
(Fig. 1). In acute inflammatory animal models, surface expression
of selectins peaks within 2–6 hrs following inflammatory stimuli,
and they disappear from luminal surface over time [137,138].
Therefore, the duration of the therapeutic effects may be restricted
and thorough design of targeted treatment is essential based on
knowledge of the kinetics of pathological changes.
6. Target accessibility

Pathological changes to the tissue not only can impact the abso-
lute amount of target present, but also can modulate how accessi-
ble surface expressed target is to circulating nanocarriers (Fig. 4).
This interplay between expression and accessibility can impact
observed targeting to desired sites. Below, we summarize a few
key physiological processes that can change in pathology and affect
target accessibility.

6.1. Blood flow

In vivo, the behavior and activation status of endothelial cells
can be affected by perturbations in blood flow. Cellular adaption
to flow includes expression/suppression of surface molecules,
endocytosis rate, signaling, etc. [139–141]. As such, changes in
hemodynamics can alter processing of nanoparticles by endothe-
lial cells. Due to different shear stresses at the vessel wall, endocy-
tosis of ICAM-1 targeted nanocarriers appears to be superior in
capillaries vs. arterioles/venules under physiological flow condi-
tions [140]. Under pathological conditions, the accessibility of
endothelial targets can be greatly affected due to masking (e.g.
by adherent blood elements) or shedding as discussed above, or
by changes in blood flow.

For example, reperfusion after ischemic insults such as ischemic
stroke, myocardial infarction, organ transplantation, etc. [142–
144] alters shear stress and can influence nanocarrier-endothelial
cell interactions. The downstream cascade of inflammation caused
by ischemia–reperfusion injury leads to upregulation of CAMs,
which can facilitate binding of targeted nanocarriers [145–147].
Edema is a common consequence of inflammatory insults, result-
ing in excessive accumulation of interstitial fluid due to vascular
leak [148]. This can result in turbulent or decreased blood flow.
It has been observed that PECAM-targeted nanocarriers strongly
accumulated in healthy lungs, but were shunted away from
inflamed regions due to hypoxic vasoconstriction, which is a fea-
ture unique to the pulmonary circulation. On the other hand, tar-
geting to locally upregulated ICAM in the inflamed lungs
significantly enhanced the local delivery of nanocarriers, even in
the presence of reduced blood flow [149].

Acute vascular inflammation upregulates adhesion molecule
expression on the endothelial cells, exposes pro-coagulant mole-
cules, promoting release of pro-inflammatory cytokines, enhances
Table 4
Activation of endothelial cells by complement components.

C1q C5a

Upregulation of adhesion
molecule expression

ELAM-1
ICAM-1
VCAM-1
[284]

E-selectin
ICAM-1
VCAM-1 [285]
P-selectin [286]
vWF [287]

Enhancement of leukocyte
mobilization

Leukocyte adhesion to endothelial cel
and extravasation [291]
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platelet accumulation, sheds regulatory proteins, and eventually
contributes to clot formation [150,151]. Thrombosis is an extreme
case where blood flow is completely blocked due to clot formation.
The reduction of nutrient and oxygen transport causes endothelial
dysfunction and upregulates the expression of CAMs as a potential
target for nanocarriers [152]. However, reduced flow near the clot
may partially or completely shunt fluid transport of the nanocar-
rier away from the desired site [153]. Therefore, the interaction
between nanocarrier and target may be primarily based on diffu-
sion when local blood flow is reduced.
6.2. Impact of non-endothelial cells

Due to the direct contact between endothelial cells and blood,
endothelial cells are able to interact with a myriad of cell types,
including red blood cells, leukocytes and platelets. Endothelium-
targeted nanocarriers, once entering the blood stream, not only
adhere to endothelial surface molecules as designed, but may also
interact with other cells types, both in target dependent or inde-
pendent manners, which can modulate their interactions with
endothelial cells.

Intracellular sequestration (P-selectin, chemokines) within
Weibel-Palade bodies [154,155] and low basal expression (CAMs,
E-selectin, integrins) of leukoattractants by endothelial cells mini-
mize endothelial-leukocyte interactions under normal conditions.
Due to the natural capacity of leukocytes to recognize and phago-
cytose particles, nanocarriers may be internalized by circulating
immune cells. This can be minimized by increasing the ‘stealthi-
ness’ of nanocarriers via techniques such as PEGylation, which
decreases recognition of nanocarriers by leukocytes and increases
their circulation time [75]. Following an inflammatory insult,
increased local blood flow augments leukocyte delivery to the
injured site; activation of endothelial cells promotes CAM expres-
sion and further recruitment of leukocytes; opening of intercellular
junctions promotes localized leakage of plasma protein-rich fluid
and extravasation of cells and other blood components [7]. All of
these processes enhance the opportunity for targeted nanocarriers
to interact with activated endothelial cells. However, competition
with leukocytes for target binding may lead to reduced drug deliv-
ery. In the presence of leukocytes, anti-ICAM nanocarrier adhesion
to endothelial cells significantly declined [156,157]. It is worth not-
ing that transmigration of leukocytes to the subendothelial space
happens within minutes [158]. Prolonging particle circulation time
or optimizing ligand density on the particle surface could mitigate
competition by leukocytes and enhance endothelial adhesion
[156]. Additionally, expression of ICAM on the leukocyte surface
is inducible upon inflammatory cues [159], which serves as a
potential target for anti-ICAM nanocarriers. Those leukocytes
endocytose targeted nanocarriers and respond to the recruitment
by activated endothelial cells, potentially facilitating the delivery
of the targeted nanocarriers to the injured area.

Platelets are another important mediator of hemostasis and
thrombosis, which do not interact with endothelial cells under
physiological conditions, but firmly adhere to the vessel wall upon
C3a Terminal C complex

ICAM-1
VCAM-1 [288]

ELAM-1
VCAM-1
P-selectin
E-selectin
ICAM-1 [289,290]

ls [286] Leukocytes adhesion to endothelial cells
[288]{Wu, 2016 #396}

Leukocytes
extravasation [291]
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activation and exposure of thrombogenic sub-endothelial layers
[160]. Activated platelets release pro-inflammatory cytokines
and chemokines, enabling platelets to recruit leukocytes to the site
of inflammation. In an animal model of ischemic stroke, platelets
roll and adhere to the cerebral vascular endothelium in a
P-selectin dependent manner [161]. After activation, P-selectin
translocates from a-granules of platelets to the cell membrane,
hence can also serve as a local target for P-selectin binding agents
[136,162].

Cross-talk between endothelial cells, leukocytes, and platelets is
multi-directional and forms several positive feedback loops. Acti-
vation of endothelial cells recruits and activates leukocytes and
platelets; leukocyte-derived molecules promote platelet-
mediated fibrin deposition; activated platelets stimulate leuko-
cytes to release chromatin that induces platelet aggregation on
endothelium [163]. The upregulated adhesion molecules on the
activated cells represent excellent targets for nanocarriers.
However, the interactions between cells and nanocarriers are
also affected by binding competition, disappearance/shedding of
the target during pathological processes, endocytosis and so on.
Therefore, the identification of cellular uptake after in vivo delivery
of the targeted nanocarriers is a key characterization of delivery
efficacy.
6.3. Role of complement proteins

Complement plays an essential role in many inflammatory cas-
cades, which occurs shortly after insult and contributes signifi-
cantly to the pathogenesis of stroke, myocardial infarction (MI),
lung injuries, among other diseases [164–168]. The vascular
endothelium is exposed to activated complement components
and also expresses several complement proteins constitutively or
induced by various cytokines [169,170]. Under physiological con-
ditions, complement deposition on the endothelium is controlled
by regulator proteins that are exposed in the plasmalemma and
secreted by endothelial cells [171]. When excessive complements
depositing on the endothelium due to pathological challenges, they
can activate endothelial cells, increase vascular permeability, stim-
ulate procoagulant pathways and exacerbate the inflammatory
processes [172]. Table 4 summarizes the endothelial cell function
changes after exposure to complement components. The upregula-
tion of multiple CAMs represents potential targets for the thera-
peutic nanocarriers.
7. Pharmacologic strategies for treatment of vascular
inflammation

Targeted drug delivery to the inflamed vasculature has been
described for numerous conditions; however, here we focus on a
select subset of acute conditions – ARDS/acute lung injury (ALI),
ischemic stroke, and cardiac ischemia–reperfusion (MI). For sim-
plicity, we will highlight only systemically delivered drug delivery
strategies targeted to vascular epitopes.

DDS platform enables targeted delivery of variety of therapeutic
modalities to the intended sites with different release mechanisms.
For example, plasminogen activators or thrombomodulin, which
directly exert their functions on the lumen surface, can be deliv-
ered via conjugation to antibody fragments to target non-
internalizing endothelial epitopes [108,173,174]. Nucleic acids
can be delivered into cytosol of endothelial cells to enable media-
tion of gene expression for therapeutic purposes [128,175]. DDS
carrying small molecule drugs can target to endothelial cells and
locally release drugs that directly or indirectly alters endothelial
dysfunction [176,177]. Select examples of these delivery strategies
are summarized below in a target-by-target manner.
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7.1. PECAM-1

Due to its pan-endothelial expression, PECAM represents a
potential target for drug delivery to multiple vascular beds.
Antibody-mediated blockade of PECAM-mediated leukocyte
migration has been explored as a therapeutic strategy for several
decades [178,179]. For example, injection of anti-PECAM (Fab)2
fragments was able to improve outcomes in a rat model of cardiac
ischemia–reperfusion by reducing infarct size and cardiac MPO
activity [180]. It was suggested that the effects of this direct block-
ade were due to inhibition of neutrophil transmigration into the
cardiac tissue, in agreement with studies using anti-PECAM poly-
clonal antibodies in a feline model of myocardial ischemia–reper-
fusion [181]. Antibody blockade of PECAM was also shown to
reduce infarct size and neutrophil infiltration in a mouse model
of ischemic stroke [182].

Conjugation of antioxidant enzymes (e.g. superoxide dismu-
tase (SOD), catalase) to anti-PECAM monoclonal antibody
(mAb) has been extensively described for prophylaxis in various
models of ARDS. In a model of oxidative stress induced by
injection of anti-TM mAb/glucose oxidase conjugates, PECAM-
targeted catalase was shown to improve outcomes of lung
pathology (histological staining, endothelial barrier function)
[183]. On the other hand, SOD was shown to protect against
lipopolysaccharide (LPS)-induced lung inflammation, either alone
[184] or in combination with nitric oxide donors [185]. These
conjugates reduced markers of vascular inflammation in lung
homogenates. Targeting to PECAM has also been used to recon-
stitute TM function in the pulmonary vasculature following
acute inflammation. Delivery of TM alone improved endothelial
barrier function and reduced markers of endothelial activation
and WBC infiltration in LPS-induced lung injury models [118],
and these results were further improved by co-delivering TM’s
natural partner, Endothelial Protein C Receptor (EPCR), to a
distinct PECAM epitope [186].

In a mouse model of thromboembolic stroke, PECAM-targeted
urokinase-like plasminogen activator (uPA) was able to not only
dissolve fibrin microemboli, but also improve endothelial barrier
function as measured by Evans blue extravasation [108]. In this
condition, delivery of uPA to other vascular beds could help to pre-
vent distal organ damage following stroke, particularly in the pul-
monary vasculature. It has been reported that �1% of acute
ischemic stroke patients suffer a pulmonary embolism secondary
to the initial injury [187] and, while not directly studied, it is con-
ceivable that PECAM-targeted plasminogen activators could pro-
tect against this severe complication due to their high delivery to
the pulmonary vasculature.

In addition to delivery of biotherapeutics using protein conju-
gates and fusion proteins, targeting to PECAM has also been used
to direct drug-encapsulating nanoparticles to the endothelium.
Nanoparticles provide the flexibility to deliver a wide array of
small molecules and/or biotherapeutics to intracellular compart-
ments. Our group has described the use of pluronic nanocarriers
that encapsulate either SOD or catalase and used them to prevent
LPS-induced lung injury. Delivery of catalase improved endothelial
barrier function, while SOD reduced expression of markers of
endothelial activation and cytokines in tissue homogenate [188].
Small molecule drugs that have been delivered in this manner
include liposomal EUK-134 (SOD/catalase mimetic) [105] and
MJ33 [104], which both improved endothelial barrier function
and reduced expression of inducible cell adhesion molecules in
LPS-induced lung injury. Additionally, PECAM-directed lipid
nanoparticles (LNP) and polymeric nanoparticles are able to deliver
functionally active mRNA and plasmid DNA to the pulmonary vas-
culature, respectively [103,189]. Beyond the use of PECAM target-
ing in therapeutic strategies, iron oxide microparticles directed
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towards PECAM have been tested as a probe to image vascular
remodeling following ischemic stroke in mice [190].

7.2. ICAM-1

Targeting to ICAM provides an opportunity for enhanced deliv-
ery under inflammatory conditions, due to its inducible expression
following injury. Direct blockade of ICAM using monoclonal anti-
bodies has shown efficacy in models of acute lung injury or infec-
tion via reduction of neutrophil migration in several preclinical
species, including mice [191,192], rats [193], and rabbits [194].
Blockade of ICAM advanced particularly far in the development
pipeline for treatment of ischemic stroke, with favorable therapeu-
tic outcomes in preclinical models [195–198]. However, this strat-
egy ultimately failed in clinical studies due to lack of efficacy in
ischemic stroke patients [199,200].

Beyond simple receptor blockade, affinity ligands directed
towards ICAM have been used to deliver therapeutic cargoes to
treat vascular inflammation. Similar to work described for PECAM
targeting, delivery of SOD to ICAM via antibody conjugates pro-
vided significant protection against LPS-induced lung injury, as
measured by expression of markers of endothelial activation
[201]. Multiple groups have used ICAM as a target epitope for
delivery of the corticosteroid dexamethasone, using nanostruc-
tured lipid carriers (NLC) and lysozyme-dextran nanogels in mod-
els of LPS-induced injury. These strategies were able to reduce
expression of pro-inflammatory cytokines in Bronchoalveolar
lavage fluid (BALF) and neutrophil diapedesis [202] and reduce
expression of inducible CAMs in tissue homogenate [176]. Other
classes of drugs that have been delivered to ICAM using nanoparti-
cles to treat ALI include IjB kinase-2 inhibitors, HMG-CoA reduc-
tase inhibitors, immunosuppressants, antibiotics, and therapeutic
genes [203–206]. While the specific outcomes measured differed
across studies, these ICAM-targeted strategies typically improved
endothelial barrier function, reduced pro-inflammatory markers
in BALF, and/or improved tissue architecture as measured by
histology.

The strong first-pass extraction by the pulmonary vasculature
provides a significant barrier to brain drug delivery. Nonetheless,
there are several reports utilizing ICAM for delivery of enzymes
to the brain for treatment of lysosomal storage disorders [207–
211]. Our group has recently demonstrated that by injecting
ICAM-targeted nanoparticles via the carotid artery, the pulmonary
first pass effect is avoided and significant improvements in brain
targeting can be achieved. Notably, brain targeting was further
enhanced by acute inflammation, suggesting the potential utility
of this approach in conditions such as stroke [107].

7.3. VCAM-1

VCAM is a highly inducible target under inflammatory condi-
tions that has low basal expression in non-lymphoid tissues. This
provides an advantage of specificity to the site of injury, allowing
drug concentration in activated/inflamed endothelium. Blockade
of VCAM has been tested as a therapeutic strategy in animal mod-
els of pancreatitis-induced lung injury [212] and ischemic stroke
[213], with mixed results. However, due to the highly specific
expression of VCAM at sites of inflammation, there has been great
interest in using it as a target for delivery of therapeutics and imag-
ing probes [214–217]. VCAM-targeted, dexamethasone-loaded
SAINT-O-somes were tested in a mouse model of endotoxemia
and were shown to promote drug accumulation at sites of inflam-
mation; however, limited therapeutic effects were observed [218].
Using iron oxide microparticles, the dynamics of accessible VCAM
expression have been studied in mouse models of stroke, with sus-
tained expression for several days in the penumbra [219]. We have
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recently described the utility of VCAM targeting in a model of
TNF-a-induced acute neurovascular inflammation. Under these
conditions, mAb and nanoparticles targeted to VCAM specifically
accumulated in the inflamed region of the brain. Delivery of a ther-
apeutic mRNA encoding thrombomodulin was able to completely
reverse injury-induced brain edema, suggesting the utility of
targeting to VCAM for treatment of neurovascular inflammation
[128].

7.4. Selectins

Selectins represent potential selective targets for sites of
inflammation, particularly at early time points following the initial
insult due to the lack of need for de novo synthesis to increase sur-
face expression (storage in Weibel-Palade bodies). Direct blockade
of the endothelial selectin (E-selectin) using antibody fragments
was shown to reduce neutrophil accumulation in alveoli following
intratracheal administration of LPS [220]. Nanoparticle delivery to
E-selectin has been reported in models of ALI, with enhanced pul-
monary delivery being observed; however, no therapeutic studies
have been reported to date [221,222]. Blockade of P-selectin (ex-
pressed on activated endothelium and platelets) has shown mixed
effects in the treatment of acute lung injury, with beneficial effects
observed in mice [192], but no therapeutic effects in sheep [223].
Additionally, pre-treatment with P-selectin antibodies was able
to protect rats and gerbils from damage induced by ischemic
stroke; however [224–227]. Delivery of vascular endothelial
growth factor (VEGF) encapsulated in liposomes to P-selectin
was tested in a model of rat coronary artery ligation and was
shown to concentrate within the injured region of the heart,
improve overall cardiac function, and promote vascularization of
the tissue (measured by histology) [228–230].

7.5. Integrins

Similar to selectins, integrins are often upregulated in inflam-
matory conditions and represent a potentially promising class of
targets to obtain specific delivery. The ‘classical’ targeting ligand
used for integrins is the RGD peptide motif first identified as the
cell attachment site of fibronectin [231]. Nimbolide-loaded lipo-
somes coated with iRGD peptide were shown to inhibit LPS-
induced cytokine storm in mice via reduction of oxidative stress
and cytokine storm [232]. Additionally, it was shown that targeting
to avb3 integrin via [c(RGDyK)] peptide was able to deliver
curcumin-loaded exosomes to ischemic regions of the brain. This
delivery strategy reduced expression of pro-inflammatory cytoki-
nes and pro-apoptotic gene expression in the ischemic region
following stroke [233].

7.6. Transferrin receptor (TfR)

For over 30 years, TfR has been considered the gold standard for
antibody-based targeting of the blood–brain barrier [234–236],
with drug delivery strategies attempted for a myriad of pathologies
via this targeting pathway. Similar to PECAM, TfR has stable
expression and no selectivity for injured regions of the tissue vs.
relatively normal regions; however, multiple groups have targeted
therapeutics to TfR as a treatment strategy for acute neurovascular
inflammation. One strategy utilized a direct conjugate between a
TfR-binding aptamer and an NF-jB decoy in order to treat neu-
rovascular complications of endotoxemia. This construct was
shown to function via reducing phosphorylated p65 expression
and inhibited expression of inducible CAMs in brain homogenates
[237]. Specifically, in acute ischemic stroke, selenium nanoparti-
cles were targeted to TfR, which were able to improve stroke-
related outcomes (infarct size, neuronal function, pro-apoptotic
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gene expression) as well as improve blood–brain barrier function
and reduce brain edema [238].

7.7. PLVAP

Delivery to PLVAP provides unique opportunities to access the
caveolar endocytosis pathways, providing access to unique sub-
cellular compartments and transcytotic pathways relative to other
endocytic pathways [239]. Caveolar delivery of SOD was able to
prevent expression of inducible CAMs in lung tissue and systemic
expression of pro-inflammatory cytokines in a LPS-driven model
of lung injury [240]. Recently, it was shown that PLVAP-targeted
LNPs were able to provide significant mRNA delivery and protein
expression in the lungs, opening the door to potential caveolae-
targeted gene delivery strategies [241].

7.8. DDS bypassing affinity ligands

Moving beyond antibody/peptide-based targeting, there has
been recent interest in targeted drug delivery that can be achieved
without coupling of affinity ligands. It was shown that albumin-
based nanoparticles were avidly taken up by pulmonary intravas-
cular neutrophils following intraperitoneal LPS treatment, purport-
edly via FccR interactions. By loading piceatannol into these
particles, the investigators were able to reduce pulmonary neu-
trophil infiltration and myeloperoxidase (MPO) activity [242]. We
have recently identified that nanoparticles containing agglutinated
proteins were able to specifically target intravascular neutrophils
in mouse models of ALI. One such particle, drug-free liposomes
coated with DBCO-modified IgG, not only accumulated strongly
in the inflamed lungs, but also was able to provide a significant
reversal of LPS-induced protein and leukocyte accumulation in
alveoli [243].

An alternative strategy is to use natural physiologic homing
mechanisms for targeted drug delivery by either coating nanopar-
ticles with cell membranes or loading drugs in extracellular vesi-
cles. Platelet-derived extracellular vesicles loaded with an IjB
kinase-2 inhibitor were able to bind to the activated vascular walls,
reduce reactive oxygen species production, improve endothelial
barrier function, and reduce pro-inflammatory cytokine levels in
the tissue, demonstrating the potential of using cell-derived parti-
cles for drug delivery in ALI [244]. Neutrophil-derived vesicles
were loaded with Resolvin D2 (induces nitric oxide generation,
prevents neutrophil infiltration) and were shown to interact with
endothelial adhesion molecules following transient middle cere-
bral artery occlusion (MCAO). These vesicles reduced neutrophil
infiltration, reduced expression of pro-inflammatory cytokines
(TNF-a, IL-6, IL-1b), and ultimately reduced infarct size in mice
[245]. Platelet-mimetic extracellular vesicles were shown to accu-
mulate in cardiac endothelial cells within the ischemic region of
the tissue and that they promoted angiogenesis and improved car-
diac function [246].
8. Challenges and opportunities

8.1. Effects of specific targeting to endothelium

When designing drug delivery strategies for treatment of acute
vascular inflammation, the potential for significant, life-
threatening side effects must be taken into account. In general,
patients with severe inflammatory conditions (e.g. ARDS, stroke,
MI) are much more fragile than healthy subjects or even patients
with chronic inflammation. This fragility means that adverse
events that appear to be relatively minor or even are absent in cer-
tain subjects may be much more severe in acute critical illness.
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Additionally, under inflammatory conditions there are large
changes in the local immune system, which could lead to changes
in host defense response to drug delivery systems, potentially
resulting in adverse events.

8.1.1. Epitope-specific targeting, dual targeting, CEPAL and target-
specific effects

The first step in any targeted drug delivery strategy is selection
of an appropriate target epitope. Ideally a target epitope will pro-
vide selective, high levels of drug uptake at the site of injury with-
out causing adverse effects on the tissue. For example, targeting
recombinant thrombomodulin fused with scFv of anti-ICAM pro-
vides more potent protective effects than PECAM-targeted coun-
terpart, since ICAM is located in the endothelial membrane next
to molecular partner of thrombomodulin, EPCR [247]. Further-
more, binding to distinct epitopes on the same target determinant
may provide an additional control of the fate and effect of the DDS.
For example, endothelial cells differently internalize and traffic
intracellularly nanocarriers directed to different PECAM epitopes,
and the rate of intracellular delivery via these epitopes differen-
tially regulated by flow [248].

In this context, dual targeting of DDS directed to distinct epi-
topes providing optimal spatiotemporal anchoring of complemen-
tary agents is of interest. For example, dual targeting to two
distinct epitopes on PECAMmutually enhances binding of antibod-
ies, fragments and conjugates directed to both parts of PECAM
molecule (Collaborative Enhancement of Paired Affinity Ligands,
CEPAL). [186,249–251]. Moreover, recombinant thrombomodulin
and its molecular partner EPCR fused with scFv fragments of two
adjacent yet distinct epitopes of PECAM provide cumulative
enhancement of both targeting and functional effect of these
molecular cargoes [186].

These powerful interventions may exert effects not necessarily
beneficial or even benign. In some cases, the matter of selecting the
optimal epitope or target is the matter of benefit/risk ratio. Unin-
tended consequences of vascular targeting are the key issue, taking
into account that the level of tolerance of side effects in the
patients with conditions discussed in this paper is much lower
than in oncological conditions. For example, inhibition of certain
endothelial surface determinants including peptidases ACE and
APP ensuing from anchoring of DDS may lead to undesirable eleva-
tion of their substrates, vasoactive peptides including substance P
and bradykinin (both are increasing endothelial permeability)
[252,253].

More recently, our group compared the impact of targeting two
different proteins involved in inter-endothelial junctions on
endothelial barrier function. In this work, it was shown that target-
ing to PECAM did not have any adverse effects on the pulmonary
endothelium, while targeting to VE-cadherin resulted in pul-
monary edema and release of pro-inflammatory cytokines in
otherwise healthy mice [254]. In another study, the effects of deliv-
ery of glucose oxidase to two PECAM vs. thrombomodulin was
evaluated. Delivery to both targets resulted in neutrophil transmi-
gration in the lung; however, targeting to thrombomodulin also
resulted in severe pulmonary thrombosis, hypothesized to be due
to blockade of the endogenous functions of thrombomodulin
[255]. These results highlight that inappropriate selection of a tar-
get epitope can lead to substantial toxicities in the target organ,
which may be further exacerbated under inflammatory conditions.

8.2. Systemic drug-induced vascular damage

For any drug in the systemic circulation, there is potential for
significant interactions with the endothelial cells lining blood ves-
sels. As these cells represent the initial barrier to drug distribution
into tissues, it is all but guaranteed that drug molecules will
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encounter endothelial cells and have the potential to elicit a bio-
logical response from these cells. In fact, capillary leak syndrome
is a reported side effect in 62 clinical trials of investigational
anti-cancer drugs [256]. Knowledge of the mechanisms of these
effects provides a unique opportunity to defuse them by adminis-
tering endothelial-targeted drugs designed to counteract adverse
effects from systemically administered drugs. This represents a
potential new frontier in the field of vascular-targeted drug deliv-
ery – using endothelial targeted drug delivery as a strategy to mit-
igate side effects associated with systemically administered drugs.
8.2.1. Nanoparticles
It is well-appreciated that administration of nanomaterials may

result in unwanted effects (for a more focused review, readers are
directed to [257]), an observation that has been brought to the
forefront of public consciousness with widespread administration
of nanoparticle-based COVID-19 vaccines [258]. Several engineer-
able nanoparticle properties are known to contribute to toxicities,
including material, size, shape, surface chemistry, and elasticity
[257]. Here, we focus on endothelial toxicities derived from
nanoparticle administration and strategies to mitigate this
response.

Interactions between nanoparticles and the complement sys-
tem can lead to severe adverse effects, termed complement
activation-related pseudo-allergy (CARPA) [259], which manifests
as severe cardiopulmonary and hemodynamic effects and has been
observed after administration of liposomal drugs [260,261] and
possibly for mRNA/LNP vaccines [262]. As the name implies, these
acute inflammatory effects are due to activation of the comple-
ment cascade following nanoparticle administration. In the inflam-
matory signaling that occurs during CARPA, many blood cells
(leukocytes, platelets) are activated along with endothelial cells.
This can result in consequences such as edema and thrombosis,
ultimately resulting in severe cardiopulmonary symptoms [263].
This highlights the need to evaluate toxicity of nanoparticles both
in the naïve state and in relevant models of pathology, as in situa-
tions where the immune system is ‘primed’, such as inflammation,
it would be unsurprising if the propensity for immune-mediated
toxicities (e.g. CARPA) is enhanced in these conditions.

Recently, it was identified that high doses of untargeted siRNA-
encapsulating LNP accumulated within hepatic endothelial cells
and resulted in endothelial activation (upregulation of VCAM, E-
selectin, ICAM), cytokine release (IL-6, G-CSF, etc.), and hepatotox-
icity. However, this was circumvented by specific targeting of par-
ticles to hepatocytes using GalNAc, thereby minimizing exposure
of endothelial cells to nanoparticles [264]. In the case where drug
delivery to endothelium is the root cause of toxicities but is not
necessary for therapeutic effects, this strategy has merit in preven-
tion of vascular inflammation.
8.2.2. T-cell immunotherapy
Both CAR-T cell therapy and bispecific T-cell engaging (BiTE)

antibodies elicit adverse neurological events that are thought to
be, in part, due to endothelial activation. In a study of patients trea-
ted with CD19-targeting CAR-T, neurological side effects were
associated with increased markers of endothelial activation (capil-
lary leak, enhanced blood–brain barrier (BBB) permeability, cyto-
kine storm, diffuse intravascular coagulation) [265]. In fact,
neurotoxicity severity was shown to be correlated with peak
serum concentrations of cytokines that activate endothelial cells
(IL-6, IFN-c, TNF-a) and in patients with fatal neurotoxicity histol-
ogy showed disrupted endothelium and microthrombi in brain
vessels. The standard of care for treating CAR-T-induced cytokine
release is administration of an IL-6R blocking mAb (e.g. tocilizu-
mab) [266]; however, local blockade of endothelial activation in
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the primary organ experiencing toxicities could have unexplored
benefits relative to systemic cytokine blockade.

Similar to CAR-T therapy, there have been significant neurolog-
ical adverse events reported following administration of BiTE. It
has recently been shown that a potential mechanism of this is
bridging of endothelial and T-cells by a CD19/CD3 engaging con-
struct (blinatumomab), creating a pseudo-immune synapse on
the surface of the BBB, which was postulated to be a potential first
step in BiTE-induced neurotoxicities [267]. Further investigation
revealed that systemic cytokine release and endothelial activation
is not required for tumoricidal activity of BiTEs, suggesting that
mitigation of cytokine release in susceptible organs (e.g. brain) is
a potentially viable strategy for mitigating adverse events [268].

8.2.3. Immunotoxins
Immunotoxins combine the high specificity of mAb with

extreme potency of certain toxins (e.g. ricin-like toxins, pseu-
domonas exotoxin, etc.). Dating back to some of the earliest clinical
trials of immunotoxins, capillary leak syndrome has been a recur-
ring adverse event for these constructs [256,269] and administra-
tion of corticosteroids was investigated as a potential strategy to
mitigate these effects [270]. It has been proposed that this severe,
adverse effect could be due to many pathways involving endothe-
lial cells: including direct activation/damage due to pre-emptive
toxin release, acute inflammation, and cytokine release [271].
While improved design of stable constructs may be able to pre-
emptively inhibit some of these effects, targeted delivery of drugs
designed to mitigate endothelial activation and inflammation may
have potential in improving the safety profile of immunotoxins.

8.3. Barriers to clinical translation

To date, there are no vascular-targeted drug carriers being used
clinically to treat acute inflammation. While direct blockade of epi-
topes upregulated in inflammation has been pursued in clinical tri-
als (see discussion of anti-ICAM above), no strategy has provided
therapeutic benefits in patient populations. The differences seen
between preclinical species and patients could be due to a myriad
of factors, including, but not limited to: animal models of disease
not representing clinical pathophysiology, differences in target
expression patterns and accessibility between species, and chal-
lenges in scale up/manufacturing of complex drug carriers from
lab scale to commercial scale. As understanding of key determi-
nants of PK, biodistribution, and efficacy continues to improve, it
is anticipated that our ability to anticipate and predict the behavior
of drug carriers in patients will be enhanced, resulting in a greater
probability of successful clinical translation.
9. Predictive tools

9.1. In vitro approaches

An ongoing challenge in drug development is successful imple-
mentation of in vitro assays that correlate with results obtained in
the target patient population. While it is impossible to perfectly
recapitulate the in vivo environment using in vitro approaches,
development of methods that provide insights into what will hap-
pen when a therapeutic is administered is of great interest. An
approach that has the potential to integrate multiple factors relat-
ing to drug disposition and effects in an in vitro platform is
microfluidics-based assays. The effects of single-chain variable
fragment (scFv) fused to thrombomodulin was tested in a microflu-
idics system where whole blood was flowed over endothelial cells.
Both endothelial-targeted and RBC-targeted thrombomodulin
were shown to reduce coagulation induced by TNF-a stimulation



Fig. 5. Mathematical modeling of targeted drug delivery can be utilized across size scales spanning several orders of magnitude, ranging from binding interactions (nm scale)
all the way to physiologically-based pharmacokinetics (PBPK) at the organism-wide scale (meters).
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[129,272], providing motivation for further studies of these agents
in animal models of vascular inflammation.

Development of in vitro assays that correspond to in vivo read-
outs of safety could allow investigators to defuse potential toxici-
ties prior to administering a single dose to preclinical species. In
a recent study, our group compared the effects of mAbs directed
against two endothelial markers – PECAM and VE-Cadherin, as well
as combinations of PECAM-binding mAbs – to identify potential
adverse effects of this delivery strategy. In vitro experiments using
mouse and human endothelial cells demonstrated that targeting to
VE-Cadherin led to reduced endothelial barrier function, while
PECAM targeting did not. These results correlated with in vivo
experiments in mice, where VE-Cadherin targeting induced albu-
min extravasation in lung and induced expression of pro-
inflammatory markers, while PECAM targeting was shown to be
safe [254]. Other approaches have been used to probe potential
endothelial toxicities of systemically administered therapeutics,
including cytokine storm induced by CAR-T therapy [273] and
induction of neurological toxicities due to T-cell engaging thera-
pies promoting endothelial cell-T cell interactions [267]. In each
of these studies, not only were potential mechanisms of toxicities
investigations, but potential solutions to these undesired effects
were also identified. Early identification of potential adverse
effects of a drug delivery strategy provides opportunities to devise
alternative, safe strategies or to develop approaches to mitigate
these effects.

9.2. In silico approaches

Mathematical modeling is regularly implemented in the devel-
opment of small molecule drugs and biologics in order to: a) iden-
tify relationships between drug exposure and response, b)
characterize inter-individual variability in pharmacokinetics/phar
macodynamics (PK/PD), and c) identify safe and efficacious dose
levels in the patient population. PK/PD models can span the range
of purely empirical curve fitting (simple compartmental models) to
intricate, predictive models that incorporate physiological deter-
minants of drug disposition (physiologically-based pharmacoki-
netics). Use of mechanism-based models provides greater
confidence in predictions that are made from these approaches;
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however, there is a relative paucity of these models that have been
developed for vascular targeted agents.

In silico modeling can be utilized to span across a wide range of
spatial (molecular to whole-body level) and time (fractions of a
second to years) scales, and selection of a model scale should be
based on the desired outputs (Fig. 5). Systems biology and quanti-
tative systems pharmacology (QSP) are two interrelated modeling
disciplines that describe the kinetics of cellular signaling processes
in response to a stimulus. QSP has been applied with increasing
regularity in early drug discovery, in order to identify novel targets
and drug combinations for a myriad of diseases. While this has not
yet been applied to describe acute vascular inflammation, it is con-
ceivable that these approaches could be used to identify dysregu-
lated signaling pathways that contribute to adverse outcomes in
vascular inflammation and to identify candidate therapeutic mole-
cules for targeted drug delivery strategies.

Molecular modeling is an approach that can be used to probe
‘nano-scale’ interactions between targeted DDS and the target
cells. By focusing on this scale, processes that ‘macro-scale’ models
may be insensitive to can be probed to evaluate their impact on
drug delivery. For example, this class of model has been applied
to consider hydrodynamic forces on DDS and monovalent vs. mul-
tivalent engagement of DDS with endothelial cells [274–277]. By
understanding the impact of these parameters on behavior of
DDS on such a small spatial scale, it is conceivable that DDS prop-
erties could be engineered to identify the ‘optimal’ parameter
space for delivery not only to the target tissue, but also to the
desired cellular and subcellular compartments.

Finally, classical PK modeling is often used to describe disposi-
tion of therapeutics on the ‘macro-scale’, either in hypothetical
compartments (mammillary models) or in physiologically-
relevant spaces (physiologically-based pharmacokinetics (PBPK)).
PBPK modeling provides the added advantage of being able to
describe drug concentrations in tissues, as well as in the blood-
stream. We have applied a semi-PBPK approach to describe the
impact of acute lung inflammation induced by unilateral instilla-
tion of LPS on the sub-tissue level biodistribution of targeted
nanoparticles. This model incorporated pathology-induced
changes in lung physiology induced by the injury, such as altered
target receptor expression, pulmonary edema, and hypoxic
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vasoconstriction and was able to make a priori predictions of the
impact of injury on ICAM-targeted, PECAM-targeted, and untar-
geted nanoparticle distribution to the injured region of the lung
[149]. By quantifying the relative importance of pathophysiological
changes in the lung tissue, we were able to understand mecha-
nisms underlying the observation that targeting to ICAM concen-
trated nanoparticles to the greatest extent in the injured region,
despite overall lung uptake being higher for PECAM targeting.

We have also developed a semi-PBPK model capable of describ-
ing the blood and lung PK of mAb, scFv, and mAb-thrombomodulin
conjugates with affinity for ICAM and PECAM in mice. This model
was able to accurately characterize differences in vascular target-
ing resulting from: a) monovalent vs. bivalent target binding and
b) changes in clearance organs due to differences in molecular size
and interactions with FcRn [278]. While this model has only been
implemented to date in naïve animals, PBPK approaches allow for
straightforward incorporation of physiological changes induced by
injury or disease. This would allow for in silico investigations of
uptake by target organs in models of injury and identification of
efficacious dosing regimens. Additionally, due to their basis in
physiology, PBPK models provide useful platforms for interspecies
scaling, allowing for projection of the behavior of vascular targeted
therapeutics in higher species.
10. Conclusions

Due to its unparalleled surface area, unique position as an inter-
face between blood and tissues, and critical role in many patholo-
gies, the vascular endothelium represents a key therapeutic target
for drug delivery, particularly in acute inflammatory conditions.
Over the past several decades, approaches for specific drug delivery
to endothelial cells have been investigated in a myriad of patholo-
gies and in several organs. These reports have not only demon-
strated the therapeutic potential of endothelial drug delivery, but
have also provided insights into how drug delivery system proper-
ties and pathology interface to affect outcomes. As these technolo-
gies approach clinical translation, it is critical that studies not only
address questions of tissue-level delivery and efficacy, but also of
cellular and sub-cellular addressing and adverse effects in
translationally-relevant models of pathology. Development of
highly predictive methodologies, both in vitro and in silicowill pro-
vide additional insights into potential mechanisms of efficacy/tox-
icity and may guide design of clinical studies. Looking forward,
drug delivery to the endothelium has potential not only to treat
the inflammatory pathologies that have been the focus of decades
of research (ARDS, stroke, myocardial infarction, etc.), but also may
be useful as strategies to mitigate severe inflammatory phenotypes
associated with next-generation therapies, such as immunothera-
pies used to treat cancer. Future directions of using emerging
nanocarriers for vascular inflammation targeting must involve bal-
ancing between targeting efficacy and therapeutic potentials, and
mitigating potential risks under pathological conditions.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgements

Funding: This work was supported by the National Institutes of
Health [grant numbers R01HL126874 (VRM), R01HL157189
(VRM), and R01HL155106 (VRM), K99HL153696 (PMG)].
14
References

[1] D.P. McIntosh, X.Y. Tan, P. Oh, J.E. Schnitzer, Targeting endothelium and its
dynamic caveolae for tissue-specific transcytosis in vivo: a pathway to
overcome cell barriers to drug and gene delivery, Proc. Natl. Acad. Sci. USA 99
(2002) 1996–2001.

[2] H. Sun, H. Dai, N. Shaik, W.F. Elmquist, Drug efflux transporters in the CNS,
Adv. Drug Deliv. Rev. 55 (2003) 83–105.

[3] V.V. Shuvaev, J.S. Brenner, V.R. Muzykantov, Targeted endothelial
nanomedicine for common acute pathological conditions, J. Control. Release
219 (2015) 576–595.

[4] G. Molema, W.C. Aird, Vascular heterogeneity in the kidney, Semin. Nephrol.
32 (2012) 145–155.

[5] J. Reichen, The Role of the Sinusoidal Endothelium in Liver Function, News
Physiol. Sci. 14 (1999) 117–121.

[6] F. Braet, E. Wisse, Structural and functional aspects of liver sinusoidal
endothelial cell fenestrae: a review, Comp. Hepatol. 1 (2002) 1.

[7] J.S. Pober, W.C. Sessa, Evolving functions of endothelial cells in inflammation,
Nat. Rev. Immunol. 7 (2007) 803–815.

[8] A.I. Schafer, Vascular endothelium: in defense of blood fluidity, J. Clin. Invest.
99 (1997) 1143–1144.

[9] V.W. van Hinsbergh, Endothelium–role in regulation of coagulation and
inflammation, Semin. Immunopathol. 34 (2012) 93–106.

[10] N.M. Goldenberg, W.M. Kuebler, Endothelial cell regulation of pulmonary
vascular tone, inflammation, and coagulation, Compr. Physiol. 5 (2015) 531–
559.

[11] R.D. Minshall, A.B. Malik, Transport across the endothelium: regulation of
endothelial permeability, Handb. Exp. Pharmacol. (2006) 107–144.

[12] H. Kerr, A. Richards, Complement-mediated injury and protection of
endothelium: lessons from atypical haemolytic uraemic syndrome,
Immunobiology 217 (2012) 195–203.

[13] D.C. Roopenian, S. Akilesh, FcRn: the neonatal Fc receptor comes of age, Nat.
Rev. Immunol. 7 (2007) 715–725.

[14] J. Borvak, J. Richardson, C. Medesan, F. Antohe, C. Radu, M. Simionescu, V.
Ghetie, E.S. Ward, Functional expression of the MHC class I-related receptor,
FcRn, in endothelial cells of mice, Int. Immunol. 10 (1998) 1289–1298.

[15] H.P. Montoyo, C. Vaccaro, M. Hafner, R.J. Ober, W. Mueller, E.S. Ward,
Conditional deletion of the MHC class I-related receptor FcRn reveals the sites
of IgG homeostasis in mice, Proc. Natl. Acad. Sci. USA 106 (2009) 2788–2793.

[16] R.L. Yang, Y.H. Shi, G. Hao, W. Li, G.W. Le, Increasing Oxidative Stress with
Progressive Hyperlipidemia in Human: Relation between Malondialdehyde
and Atherogenic Index, J. Clin. Biochem. Nutr. 43 (2008) 154–158.

[17] M.D. Bagatini, C.C. Martins, V. Battisti, D. Gasparetto, C.S. da Rosa, R.M.
Spanevello, M. Ahmed, R. Schmatz, M.R. Schetinger, V.M. Morsch, Oxidative
stress versus antioxidant defenses in patients with acute myocardial
infarction, Heart Vessels 26 (2011) 55–63.

[18] R.S. Ferrari, C.F. Andrade, Oxidative Stress and Lung Ischemia-Reperfusion
Injury, Oxid. Med. Cell. Longev. 2015 (2015) 590987.

[19] T.H. Sanderson, C.A. Reynolds, R. Kumar, K. Przyklenk, M. Huttemann,
Molecular mechanisms of ischemia-reperfusion injury in brain: pivotal role
of the mitochondrial membrane potential in reactive oxygen species
generation, Mol. Neurobiol. 47 (2013) 9–23.

[20] B. Lassegue, K.K. Griendling, Reactive oxygen species in hypertension; An
update, Am. J. Hypertens 17 (2004) 852–860.

[21] S. Shi, F. Xue, Current Antioxidant Treatments in Organ Transplantation, Oxid.
Med. Cell. Longev. 2016 (2016) 8678510.

[22] E. Schulz, T. Gori, T. Munzel, Oxidative stress and endothelial dysfunction in
hypertension, Hypertens. Res. 34 (2011) 665–673.

[23] P. Poredos, M.K. Jezovnik, Endothelial Dysfunction and Venous Thrombosis,
Angiology 69 (2018) 564–567.

[24] Q. Yang, G.W. He, M.J. Underwood, C.M. Yu, Cellular and molecular
mechanisms of endothelial ischemia/reperfusion injury: perspectives and
implications for postischemic myocardial protection, Am. J. Transl. Res. 8
(2016) 765–777.

[25] D. Klein, The Tumor Vascular Endothelium as Decision Maker in Cancer
Therapy, Front. Oncol. 8 (2018) 367.

[26] G. Desideri, C. Ferri, Endothelial activation. Sliding door to atherosclerosis,
Curr. Pharm. Des. 11 (2005) 2163–2175.

[27] W.B. Yancey, Jr., R.C. Williams, Jr., Laboratory tests for rheumatic diseases,
Postgrad. Med. 89 (1991) 93-96, 99-100, 103 passim.

[28] M.I. Cybulsky, M.A. Gimbrone Jr., Endothelial expression of a mononuclear
leukocyte adhesion molecule during atherogenesis, Science 251 (1991) 788–
791.

[29] K. Iiyama, L. Hajra, M. Iiyama, H. Li, M. DiChiara, B.D. Medoff, M.I. Cybulsky,
Patterns of vascular cell adhesion molecule-1 and intercellular adhesion
molecule-1 expression in rabbit and mouse atherosclerotic lesions and at
sites predisposed to lesion formation, Circ. Res. 85 (1999) 199–207.

[30] S.A. Wickline, A.M. Neubauer, P.M. Winter, S.D. Caruthers, G.M. Lanza,
Molecular imaging and therapy of atherosclerosis with targeted
nanoparticles, J. Magn. Reson. Imaging 25 (2007) 667–680.

[31] M.A. Moses, H. Brem, R. Langer, Advancing the field of drug delivery: taking
aim at cancer, Cancer Cell 4 (2003) 337–341.

[32] A.J. Hamilton, S.L. Huang, D. Warnick, M. Rabbat, B. Kane, A. Nagaraj, M.
Klegerman, D.D. McPherson, Intravascular ultrasound molecular imaging of
atheroma components in vivo, J. Am. Coll. Cardiol. 43 (2004) 453–460.

http://refhub.elsevier.com/S0169-409X(22)00070-9/h0005
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0005
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0005
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0005
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0010
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0010
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0015
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0015
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0015
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0020
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0020
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0025
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0025
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0030
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0030
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0035
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0035
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0040
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0040
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0045
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0045
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0050
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0050
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0050
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0055
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0055
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0060
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0060
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0060
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0065
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0065
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0070
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0070
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0070
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0075
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0075
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0075
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0080
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0080
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0080
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0085
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0085
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0085
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0085
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0090
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0090
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0095
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0095
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0095
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0095
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0100
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0100
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0105
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0105
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0110
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0110
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0115
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0115
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0120
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0120
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0120
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0120
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0125
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0125
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0130
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0130
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0140
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0140
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0140
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0145
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0145
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0145
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0145
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0150
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0150
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0150
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0155
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0155
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0160
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0160
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0160


J. Nong, P.M. Glassman and V.R. Muzykantov Advanced Drug Delivery Reviews 184 (2022) 114180
[33] P.M. Glassman, V.R. Muzykantov, Pharmacokinetic and Pharmacodynamic
Properties of Drug Delivery Systems, J. Pharmacol. Exp. Ther. 370 (2019) 570–
580.

[34] H. Sarin, Physiologic upper limits of pore size of different blood capillary
types and another perspective on the dual pore theory of microvascular
permeability, J. Angiogenes Res. 2 (2010) 14.

[35] K.J. Hamblett, P.D. Senter, D.F. Chace, M.M. Sun, J. Lenox, C.G. Cerveny, K.M.
Kissler, S.X. Bernhardt, A.K. Kopcha, R.F. Zabinski, D.L. Meyer, J.A. Francisco,
Effects of drug loading on the antitumor activity of a monoclonal antibody
drug conjugate, Clin. Cancer Res. 10 (2004) 7063–7070.

[36] I. Ekladious, Y.L. Colson, M.W. Grinstaff, Polymer-drug conjugate
therapeutics: advances, insights and prospects, Nat. Rev. Drug Discov. 18
(2019) 273–294.

[37] L. Sercombe, T. Veerati, F. Moheimani, S.Y. Wu, A.K. Sood, S. Hua, Advances
and Challenges of Liposome Assisted Drug Delivery, Front. Pharmacol. 6
(2015) 286.

[38] K.S. Soppimath, T.M. Aminabhavi, A.R. Kulkarni, W.E. Rudzinski,
Biodegradable polymeric nanoparticles as drug delivery devices, J. Control.
Release 70 (2001) 1–20.

[39] S.C. McBain, H.H. Yiu, J. Dobson, Magnetic nanoparticles for gene and drug
delivery, Int. J. Nanomed. 3 (2008) 169–180.

[40] V. Mishra, K.K. Bansal, A. Verma, N. Yadav, S. Thakur, K. Sudhakar, J.M.
Rosenholm, Solid Lipid Nanoparticles: Emerging Colloidal Nano Drug
Delivery Systems, Pharmaceutics 10 (2018).

[41] O.F. Khan, E.W. Zaia, S. Jhunjhunwala, W. Xue, W. Cai, D.S. Yun, C.M. Barnes, J.
E. Dahlman, Y. Dong, J.M. Pelet, M.J. Webber, J.K. Tsosie, T.E. Jacks, R. Langer,
D.G. Anderson, Dendrimer-Inspired Nanomaterials for the in Vivo Delivery of
siRNA to Lung Vasculature, Nano Lett. 15 (2015) 3008–3016.

[42] K.S. Brammer, S. Oh, C.J. Cobb, L.M. Bjursten, H. van der Heyde, S. Jin,
Improved bone-forming functionality on diameter-controlled TiO(2)
nanotube surface, Acta Biomater. 5 (2009) 3215–3223.

[43] J. Huang, L. Bu, J. Xie, K. Chen, Z. Cheng, X. Li, X. Chen, Effects of nanoparticle
size on cellular uptake and liver MRI with polyvinylpyrrolidone-coated iron
oxide nanoparticles, ACS Nano 4 (2010) 7151–7160.

[44] B.D. Chithrani, A.A. Ghazani, W.C. Chan, Determining the size and shape
dependence of gold nanoparticle uptake into mammalian cells, Nano Lett. 6
(2006) 662–668.

[45] S.S. Yu, C.M. Lau, S.N. Thomas, W.G. Jerome, D.J. Maron, J.H. Dickerson, J.
A. Hubbell, T.D. Giorgio, Size- and charge-dependent non-specific uptake
of PEGylated nanoparticles by macrophages, Int. J. Nanomed. 7 (2012)
799–813.

[46] S.A. Kulkarni, S.S. Feng, Effects of particle size and surface modification on
cellular uptake and biodistribution of polymeric nanoparticles for drug
delivery, Pharm. Res. 30 (2013) 2512–2522.

[47] J.L. Slowing II, C.W. Vivero-Escoto, V.S. Wu, Lin, Mesoporous silica
nanoparticles as controlled release drug delivery and gene transfection
carriers, Adv. Drug Deliv. Rev. 60 (2008) 1278–1288.

[48] S. Martins, B. Sarmento, D.C. Ferreira, E.B. Souto, Lipid-based colloidal carriers
for peptide and protein delivery–liposomes versus lipid nanoparticles, Int. J.
Nanomed. 2 (2007) 595–607.

[49] S.A. Predescu, D.N. Predescu, A.B. Malik, Molecular determinants of
endothelial transcytosis and their role in endothelial permeability, Am. J.
Physiol. Lung Cell. Mol. Physiol. 293 (2007) L823–L842.

[50] H.S. Choi, W. Liu, P. Misra, E. Tanaka, J.P. Zimmer, B. Itty Ipe, M.G. Bawendi, J.V.
Frangioni, Renal clearance of quantum dots, Nat. Biotechnol. 25 (2007) 1165–
1170.

[51] A. Albanese, P.S. Tang, W.C. Chan, The effect of nanoparticle size, shape, and
surface chemistry on biological systems, Annu. Rev. Biomed. Eng. 14 (2012)
1–16.

[52] P.M. Glassman, J.W. Myerson, L.T. Ferguson, R.Y. Kiseleva, V.V. Shuvaev, J.S.
Brenner, V.R. Muzykantov, Targeting drug delivery in the vascular system:
Focus on endothelium, Adv. Drug Deliv. Rev. 157 (2020) 96–117.

[53] J.W. Myerson, A.C. Anselmo, Y. Liu, S. Mitragotri, D.M. Eckmann, V.R.
Muzykantov, Non-affinity factors modulating vascular targeting of nano-
and microcarriers, Adv. Drug Deliv. Rev. 99 (2016) 97–112.

[54] Z. Wang, C. Tiruppathi, R.D. Minshall, A.B. Malik, Size and dynamics of
caveolae studied using nanoparticles in living endothelial cells, ACS Nano 3
(2009) 4110–4116.

[55] L. Kou, J. Sun, Y. Zhai, Z. He, The endocytosis and intracellular fate of
nanomedicines: Implication for rational design, Asian J. Pharm. Sci. 8 (2013)
1–10.

[56] M. Ehrlich, W. Boll, A. Van Oijen, R. Hariharan, K. Chandran, M.L. Nibert, T.
Kirchhausen, Endocytosis by random initiation and stabilization of clathrin-
coated pits, Cell 118 (2004) 591–605.

[57] A. Akinc, G. Battaglia, Exploiting endocytosis for nanomedicines, Cold Spring
Harb. Perspect. Biol. 5 (2013) a016980.

[58] B.B. Cerqueira, A. Lasham, A.N. Shelling, R. Al-Kassas, Nanoparticle
therapeutics: Technologies and methods for overcoming cancer, Eur. J.
Pharm. Biopharm. 97 (2015) 140–151.

[59] P. Charoenphol, R.B. Huang, O. Eniola-Adefeso, Potential role of size and
hemodynamics in the efficacy of vascular-targeted spherical drug carriers,
Biomaterials 31 (2010) 1392–1402.

[60] M. Cooley, A. Sarode, M. Hoore, D.A. Fedosov, S. Mitragotri, A. Sen Gupta,
Influence of particle size and shape on their margination and wall-adhesion:
implications in drug delivery vehicle design across nano-to-micro scale,
Nanoscale 10 (2018) 15350–15364.
15
[61] F. Gentile, A. Curcio, C. Indolfi, M. Ferrari, P. Decuzzi, The margination
propensity of spherical particles for vascular targeting in the
microcirculation, J. Nanobiotechnol. 6 (2008) 9.

[62] T.R. Lee, M. Choi, A.M. Kopacz, S.H. Yun, W.K. Liu, P. Decuzzi, On the near-wall
accumulation of injectable particles in the microcirculation: smaller is not
better, Sci. Rep. 3 (2013) 2079.

[63] S.E. Gratton, P.A. Ropp, P.D. Pohlhaus, J.C. Luft, V.J. Madden, M.E. Napier, J.M.
DeSimone, The effect of particle design on cellular internalization pathways,
Proc. Natl. Acad. Sci. USA 105 (2008) 11613–11618.

[64] P. Decuzzi, B. Godin, T. Tanaka, S.Y. Lee, C. Chiappini, X. Liu, M. Ferrari, Size
and shape effects in the biodistribution of intravascularly injected particles, J.
Control. Release 141 (2010) 320–327.

[65] Y. Geng, P. Dalhaimer, S. Cai, R. Tsai, M. Tewari, T. Minko, D.E. Discher, Shape
effects of filaments versus spherical particles in flow and drug delivery, Nat.
Nanotechnol. 2 (2007) 249–255.

[66] E.A. Simone, T.D. Dziubla, F. Colon-Gonzalez, D.E. Discher, V.R. Muzykantov,
Effect of polymer amphiphilicity on loading of a therapeutic enzyme into
protective filamentous and spherical polymer nanocarriers,
Biomacromolecules 8 (2007) 3914–3921.

[67] K. Namdee, A.J. Thompson, A. Golinski, S. Mocherla, D. Bouis, O. Eniola-
Adefeso, In vivo evaluation of vascular-targeted spheroidal microparticles for
imaging and drug delivery application in atherosclerosis, Atherosclerosis 237
(2014) 279–286.

[68] A. Da Silva-Candal, T. Brown, V. Krishnan, I. Lopez-Loureiro, P. Avila-Gomez,
A. Pusuluri, A. Perez-Diaz, C. Correa-Paz, P. Hervella, J. Castillo, S. Mitragotri, F.
Campos, Shape effect in active targeting of nanoparticles to inflamed cerebral
endothelium under static and flow conditions, J. Control. Release 309 (2019)
94–105.

[69] S. Barua, J.W. Yoo, P. Kolhar, A. Wakankar, Y.R. Gokarn, S. Mitragotri, Particle
shape enhances specificity of antibody-displaying nanoparticles, Proc. Natl.
Acad. Sci. USA 110 (2013) 3270–3275.

[70] P. Kolhar, A.C. Anselmo, V. Gupta, K. Pant, B. Prabhakarpandian, E. Ruoslahti,
S. Mitragotri, Using shape effects to target antibody-coated nanoparticles to
lung and brain endothelium, Proc. Natl. Acad. Sci. USA 110 (2013) 10753–
10758.

[71] E. Frohlich, The role of surface charge in cellular uptake and cytotoxicity of
medical nanoparticles, Int. J. Nanomed. 7 (2012) 5577–5591.

[72] S.J. Park, Protein-Nanoparticle Interaction: Corona Formation and
Conformational Changes in Proteins on Nanoparticles, Int. J. Nanomed. 15
(2020) 5783–5802.

[73] X. Cheng, X. Tian, A. Wu, J. Li, J. Tian, Y. Chong, Z. Chai, Y. Zhao, C. Chen, C. Ge,
Protein Corona Influences Cellular Uptake of Gold Nanoparticles by
Phagocytic and Nonphagocytic Cells in a Size-Dependent Manner, ACS Appl.
Mater. Interfaces 7 (2015) 20568–20575.

[74] D.A. Giljohann, D.S. Seferos, P.C. Patel, J.E. Millstone, N.L. Rosi, C.A. Mirkin,
Oligonucleotide loading determines cellular uptake of DNA-modified gold
nanoparticles, Nano Lett. 7 (2007) 3818–3821.

[75] J.S. Suk, Q. Xu, N. Kim, J. Hanes, L.M. Ensign, PEGylation as a strategy for
improving nanoparticle-based drug and gene delivery, Adv. Drug Deliv. Rev.
99 (2016) 28–51.

[76] T. Cedervall, I. Lynch, S. Lindman, T. Berggard, E. Thulin, H. Nilsson, K.A.
Dawson, S. Linse, Understanding the nanoparticle-protein corona using
methods to quantify exchange rates and affinities of proteins for
nanoparticles, Proc. Natl. Acad. Sci. USA 104 (2007) 2050–2055.

[77] A.E. Nel, L. Madler, D. Velegol, T. Xia, E.M. Hoek, P. Somasundaran, F. Klaessig,
V. Castranova, M. Thompson, Understanding biophysicochemical interactions
at the nano-bio interface, Nat. Mater. 8 (2009) 543–557.

[78] L.C. Xu, C.A. Siedlecki, Effects of surface wettability and contact time on
protein adhesion to biomaterial surfaces, Biomaterials 28 (2007) 3273–3283.

[79] M.B. Salerno, B.E. Logan, D. Velegol, Importance of molecular details in
predicting bacterial adhesion to hydrophobic surfaces, Langmuir 20 (2004)
10625–10629.

[80] D.F. Moyano, M. Goldsmith, D.J. Solfiell, D. Landesman-Milo, O.R. Miranda, D.
Peer, V.M. Rotello, Nanoparticle hydrophobicity dictates immune response, J.
Am. Chem. Soc. 134 (2012) 3965–3967.

[81] K. Saha, D.F. Moyano, V.M. Rotello, Protein coronas suppress the hemolytic
activity of hydrophilic and hydrophobic nanoparticles, Mater. Horiz. 2014
(2014) 102–105.

[82] D.L. Jasinski, H. Yin, Z. Li, P. Guo, Hydrophobic Effect from Conjugated
Chemicals or Drugs on In Vivo Biodistribution of RNA Nanoparticles, Hum.
Gene Ther. 29 (2018) 77–86.

[83] B.J. Zern, A.M. Chacko, J. Liu, C.F. Greineder, E.R. Blankemeyer, R.
Radhakrishnan, V. Muzykantov, Reduction of nanoparticle avidity enhances
the selectivity of vascular targeting and PET detection of pulmonary
inflammation, ACS Nano 7 (2013) 2461–2469.

[84] A.J. Calderon, T. Bhowmick, J. Leferovich, B. Burman, B. Pichette, V.
Muzykantov, D.M. Eckmann, S. Muro, Optimizing endothelial targeting by
modulating the antibody density and particle concentration of anti-ICAM
coated carriers, J. Control. Release 150 (2011) 37–44.

[85] X. Wang, O. Ramstrom, M. Yan, Quantitative analysis of multivalent ligand
presentation on gold glyconanoparticles and the impact on lectin binding,
Anal. Chem. 82 (2010) 9082–9089.

[86] T. Cao, A. Wang, X. Liang, H. Tang, G.W. Auner, S.O. Salley, K.Y. Ng,
Investigation of spacer length effect on immobilized Escherichia coli pili-
antibody molecular recognition by AFM, Biotechnol. Bioeng. 98 (2007) 1109–
1122.

http://refhub.elsevier.com/S0169-409X(22)00070-9/h0165
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0165
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0165
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0170
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0170
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0170
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0175
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0175
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0175
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0175
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0180
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0180
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0180
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0185
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0185
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0185
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0190
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0190
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0190
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0195
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0195
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0200
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0200
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0200
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0205
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0205
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0205
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0205
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0210
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0210
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0210
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0215
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0215
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0215
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0220
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0220
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0220
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0225
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0225
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0225
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0225
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0230
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0230
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0230
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0235
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0235
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0235
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0240
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0240
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0240
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0245
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0245
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0245
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0250
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0250
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0250
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0255
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0255
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0255
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0260
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0260
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0260
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0265
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0265
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0265
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0270
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0270
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0270
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0275
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0275
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0275
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0280
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0280
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0280
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0285
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0285
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0290
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0290
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0290
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0295
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0295
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0295
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0300
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0300
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0300
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0300
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0305
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0305
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0305
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0310
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0310
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0310
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0315
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0315
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0315
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0320
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0320
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0320
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0325
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0325
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0325
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0330
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0330
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0330
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0330
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0335
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0335
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0335
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0335
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0340
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0340
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0340
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0340
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0340
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0345
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0345
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0345
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0350
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0350
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0350
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0350
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0355
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0355
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0360
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0360
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0360
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0365
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0365
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0365
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0365
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0370
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0370
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0370
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0375
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0375
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0375
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0380
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0380
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0380
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0380
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0385
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0385
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0385
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0390
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0390
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0395
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0395
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0395
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0400
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0400
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0400
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0405
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0405
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0405
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0410
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0410
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0410
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0415
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0415
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0415
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0415
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0420
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0420
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0420
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0420
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0425
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0425
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0425
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0430
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0430
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0430
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0430


J. Nong, P.M. Glassman and V.R. Muzykantov Advanced Drug Delivery Reviews 184 (2022) 114180
[87] V.V. Shuvaev, S. Tliba, J. Pick, E. Arguiri, M. Christofidou-Solomidou, S.M.
Albelda, V.R. Muzykantov, Modulation of endothelial targeting by size of
antibody-antioxidant enzyme conjugates, J. Control. Release 149 (2011) 236–
241.

[88] T.J. Merkel, K. Chen, S.W. Jones, A.A. Pandya, S. Tian, M.E. Napier, W.E.
Zamboni, J.M. DeSimone, The effect of particle size on the biodistribution
of low-modulus hydrogel PRINT particles, J. Control. Release 162 (2012)
37–44.

[89] J.W. Myerson, B. Braender, O. McPherson, P.M. Glassman, R.Y. Kiseleva, V.V.
Shuvaev, O. Marcos-Contreras, M.E. Grady, H.S. Lee, C.F. Greineder, R.V. Stan,
R.J. Composto, D.M. Eckmann, V.R. Muzykantov, Flexible Nanoparticles Reach
Sterically Obscured Endothelial Targets Inaccessible to Rigid Nanoparticles,
Adv. Mater. 30 (2018) e1802373.

[90] J.W. Myerson, O. McPherson, K.G. DeFrates, J.H. Towslee, O.A. Marcos-
Contreras, V.V. Shuvaev, B. Braender, R.J. Composto, V.R. Muzykantov, D.M.
Eckmann, Cross-linker-Modulated Nanogel Flexibility Correlates with
Tunable Targeting to a Sterically Impeded Endothelial Marker, ACS Nano 13
(2019) 11409–11421.

[91] H.K. Patra, A.P. Turner, The potential legacy of cancer nanotechnology:
cellular selection, Trends Biotechnol. 32 (2014) 21–31.

[92] Y. Yuan, T. Cai, X. Xia, R. Zhang, P. Chiba, Y. Cai, Nanoparticle delivery of
anticancer drugs overcomes multidrug resistance in breast cancer, Drug Deliv
23 (2016) 3350–3357.

[93] I.P. Huang, S.P. Sun, S.H. Cheng, C.H. Lee, C.Y. Wu, C.S. Yang, L.W. Lo, Y.K. Lai,
Enhanced chemotherapy of cancer using pH-sensitive mesoporous silica
nanoparticles to antagonize P-glycoprotein-mediated drug resistance, Mol.
Cancer Ther. 10 (2011) 761–769.

[94] X.R. Song, Y. Zheng, G. He, L. Yang, Y.F. Luo, Z.Y. He, S.Z. Li, J.M. Li, S. Yu, X. Luo,
S.X. Hou, Y.Q. Wei, Development of PLGA nanoparticles simultaneously
loaded with vincristine and verapamil for treatment of hepatocellular
carcinoma, J. Pharm. Sci. 99 (2010) 4874–4879.

[95] P. Oh, Y. Li, J. Yu, E. Durr, K.M. Krasinska, L.A. Carver, J.E. Testa, J.E. Schnitzer,
Subtractive proteomic mapping of the endothelial surface in lung and solid
tumours for tissue-specific therapy, Nature 429 (2004) 629–635.

[96] D. Rajotte, W. Arap, M. Hagedorn, E. Koivunen, R. Pasqualini, E. Ruoslahti,
Molecular heterogeneity of the vascular endothelium revealed by in vivo
phage display, J. Clin. Invest. 102 (1998) 430–437.

[97] A. Woodfin, M.B. Voisin, S. Nourshargh, PECAM-1: a multi-functional
molecule in inflammation and vascular biology, Arterioscler. Thromb. Vasc.
Biol. 27 (2007) 2514–2523.

[98] S.M. Albelda, Endothelial and epithelial cell adhesion molecules, Am. J. Respir.
Cell Mol. Biol. 4 (1991) 195–203.

[99] L.H. Romer, N.V. McLean, H.C. Yan, M. Daise, J. Sun, H.M. DeLisser, IFN-gamma
and TNF-alpha induce redistribution of PECAM-1 (CD31) on human
endothelial cells, J. Immunol. 154 (1995) 6582–6592.

[100] R. Scalia, A.M. Lefer, In vivo regulation of PECAM-1 activity during acute
endothelial dysfunction in the rat mesenteric microvasculature, J. Leukoc.
Biol. 64 (1998) 163–169.

[101] S.K. Shaw, B.N. Perkins, Y.C. Lim, Y. Liu, A. Nusrat, F.J. Schnell, C.A. Parkos, F.W.
Luscinskas, Reduced expression of junctional adhesion molecule and platelet/
endothelial cell adhesion molecule-1 (CD31) at human vascular endothelial
junctions by cytokines tumor necrosis factor-alpha plus interferon-gamma
Does not reduce leukocyte transmigration under flow, Am. J. Pathol. 159
(2001) 2281–2291.

[102] M.J. Eppihimer, J. Russell, R. Langley, G. Vallien, D.C. Anderson, D.N. Granger,
Differential expression of platelet-endothelial cell adhesion molecule-1
(PECAM-1) in murine tissues, Microcirculation 5 (1998) 179–188.

[103] H. Parhiz, V.V. Shuvaev, N. Pardi, M. Khoshnejad, R.Y. Kiseleva, J.S. Brenner, T.
Uhler, S. Tuyishime, B.L. Mui, Y.K. Tam, T.D. Madden, M.J. Hope, D. Weissman,
V.R. Muzykantov, PECAM-1 directed re-targeting of exogenous mRNA
providing two orders of magnitude enhancement of vascular delivery and
expression in lungs independent of apolipoprotein E-mediated uptake, J.
Control. Release 291 (2018) 106–115.

[104] E.D. Hood, C.F. Greineder, C. Dodia, J. Han, C. Mesaros, V.V. Shuvaev, I.A. Blair,
A.B. Fisher, V.R. Muzykantov, Antioxidant protection by PECAM-targeted
delivery of a novel NADPH-oxidase inhibitor to the endothelium in vitro and
in vivo, J. Control. Release 163 (2012) 161–169.

[105] M.D. Howard, C.F. Greineder, E.D. Hood, V.R. Muzykantov, Endothelial
targeting of liposomes encapsulating SOD/catalase mimetic EUK-134
alleviates acute pulmonary inflammation, J. Control. Release 177 (2014)
34–41.

[106] R. Carnemolla, C.F. Greineder, A.M. Chacko, K.R. Patel, B.S. Ding, S. Zaitsev, C.T.
Esmon, V.R. Muzykantov, Platelet endothelial cell adhesion molecule
targeted oxidant-resistant mutant thrombomodulin fusion protein with
enhanced potency in vitro and in vivo, J. Pharmacol. Exp. Ther. 347 (2013)
339–345.

[107] O.A. Marcos-Contreras, J.S. Brenner, R.Y. Kiseleva, V. Zuluaga-Ramirez, C.F.
Greineder, C.H. Villa, E.D. Hood, J.W. Myerson, S. Muro, Y. Persidsky, V.R.
Muzykantov, Combining vascular targeting and the local first pass provides
100-fold higher uptake of ICAM-1-targeted vs untargeted nanocarriers in the
inflamed brain, J. Control. Release 301 (2019) 54–61.

[108] K. Danielyan, B.S. Ding, C. Gottstein, D.B. Cines, V.R. Muzykantov, Delivery of
anti-platelet-endothelial cell adhesion molecule single-chain variable
fragment-urokinase fusion protein to the cerebral vasculature lyses arterial
clots and attenuates postischemic brain edema, J. Pharmacol. Exp. Ther. 321
(2007) 947–952.
16
[109] A. Scherpereel, J.J. Rome, R. Wiewrodt, S.C. Watkins, D.W. Harshaw, S. Alder,
M. Christofidou-Solomidou, E. Haut, J.C. Murciano, M. Nakada, S.M. Albelda,
V.R. Muzykantov, Platelet-endothelial cell adhesion molecule-1-directed
immunotargeting to cardiopulmonary vasculature, J. Pharmacol. Exp. Ther.
300 (2002) 777–786.

[110] G.T. Tietjen, S.A. Hosgood, J. DiRito, J. Cui, D. Deep, E. Song, J.R. Kraehling, A.S.
Piotrowski-Daspit, N.C. Kirkiles-Smith, R. Al-Lamki, S. Thiru, J.A. Bradley, K.
Saeb-Parsy, J.R. Bradley, M.L. Nicholson, W.M. Saltzman, J.S. Pober,
Nanoparticle targeting to the endothelium during normothermic machine
perfusion of human kidneys, Sci. Transl. Med. 9 (2017).

[111] A.I. Qureshi, B. Singh, W. Huang, Z. Du, I. Lobanova, J. Liaqat, F. Siddiq,
Mechanical Thrombectomy in Acute Ischemic Stroke Patients Performed
Within and Outside Clinical Trials in the United States, Neurosurgery 86
(2020) E2–E8.

[112] E. Cortesi, L. Capussotti, P. Di Tora, E. Mannella, V. Casaldi, D. Civalleri, G.B.
Morandi, P.P. Da Pian, A. Padovani, A. Callopoli, et al., Bolus vs. continuous
hepatic arterial infusion of cisplatin plus intravenous 5-fluorouracil
chemotherapy for unresectable colorectal metastases, Dis. Colon Rectum 37
(1994) S138–S143.

[113] Y. Wu, X. Fu, Q. Feng, X. Gu, G. Hao, W. Fan, Y. Jiang, Efficacy and safety of
intracoronary prourokinase during percutaneous coronary intervention in
treating ST-segment elevation myocardial infarction patients: a randomized,
controlled study, BMC Cardiovasc. Disord. 20 (2020) 308.

[114] K.B. Johnsen, A. Burkhart, F. Melander, P.J. Kempen, J.B. Vejlebo, P. Siupka, M.
S. Nielsen, T.L. Andresen, T. Moos, Targeting transferrin receptors at the
blood-brain barrier improves the uptake of immunoliposomes and
subsequent cargo transport into the brain parenchyma, Sci. Rep. 7 (2017)
10396.

[115] S. Dixit, T. Novak, K. Miller, Y. Zhu, M.E. Kenney, A.M. Broome, Transferrin
receptor-targeted theranostic gold nanoparticles for photosensitizer delivery
in brain tumors, Nanoscale 7 (2015) 1782–1790.

[116] A.J. Clark, M.E. Davis, Increased brain uptake of targeted nanoparticles by
adding an acid-cleavable linkage between transferrin and the nanoparticle
core, Proc. Natl. Acad. Sci. USA 112 (2015) 12486–12491.

[117] Z.M. Qian, H. Li, H. Sun, K. Ho, Targeted drug delivery via the transferrin
receptor-mediated endocytosis pathway, Pharmacol. Rev. 54 (2002) 561–
587.

[118] B.S. Ding, N. Hong, M. Christofidou-Solomidou, C. Gottstein, S.M. Albelda, D.B.
Cines, A.B. Fisher, V.R. Muzykantov, Anchoring fusion thrombomodulin to the
endothelial lumen protects against injury-induced lung thrombosis and
inflammation, Am. J. Respir. Crit. Care Med. 180 (2009) 247–256.

[119] V.V. Shuvaev, M. Christofidou-Solomidou, A. Scherpereel, E. Simone, E.
Arguiri, S. Tliba, J. Pick, S. Kennel, S.M. Albelda, V.R. Muzykantov, Factors
modulating the delivery and effect of enzymatic cargo conjugated with
antibodies targeted to the pulmonary endothelium, J. Control. Release 118
(2007) 235–244.

[120] H. Loghmani, E.M. Conway, Exploring traditional and nontraditional roles for
thrombomodulin, Blood 132 (2018) 148–158.

[121] E.G. Bouck, F. Denorme, L.A. Holle, E.A. Middelton, A.M. Blair, B. de Laat, J.D.
Schiffman, C.C. Yost, M.T. Rondina, A.S. Wolberg, R.A. Campbell, COVID-19
and Sepsis Are Associated With Different Abnormalities in Plasma
Procoagulant and Fibrinolytic Activity, Arterioscler. Thromb. Vasc. Biol. 41
(2021) 401–414.

[122] K. Watanabe, G. Lam, R.S. Keresztes, E.A. Jaffe, Lipopolysaccharides decrease
angiotensin converting enzyme activity expressed by cultured human
endothelial cells, J. Cell. Physiol. 150 (1992) 433–439.

[123] B. Beneteau-Burnat, B. Baudin, Angiotensin-converting enzyme: clinical
applications and laboratory investigations on serum and other biological
fluids, Crit. Rev. Clin. Lab. Sci. 28 (1991) 337–356.

[124] Y. Takei, M. Yamada, K. Saito, Y. Kameyama, H. Sugiura, T. Makiguchi, N.
Fujino, A. Koarai, H. Toyama, K. Saito, Y. Ejima, Y. Kawazoe, D. Kudo, S.
Kushimoto, M. Yamauchi, M. Ichinose, Increase in circulating ACE-positive
endothelial microparticles during acute lung injury, Eur. Respir. J. 54
(2019).

[125] E.N. Atochina, H.H. Hiemisch, V.R. Muzykantov, S.M. Danilov, Systemic
administration of platelet-activating factor in rat reduces specific pulmonary
uptake of circulating monoclonal antibody to angiotensin-converting
enzyme, Lung 170 (1992) 349–358.

[126] V.R. Muzykantov, E.A. Puchnina, E.N. Atochina, H. Hiemish, M.A. Slinkin, F.E.
Meertsuk, S.M. Danilov, Endotoxin reduces specific pulmonary uptake of
radiolabeled monoclonal antibody to angiotensin-converting enzyme, J. Nucl.
Med. 32 (1991) 453–460.

[127] S.R. Thomas, P.K. Witting, G.R. Drummond, Redox control of endothelial
function and dysfunction: molecular mechanisms and therapeutic
opportunities, Antioxid. Redox Signal. 10 (2008) 1713–1765.

[128] O.A. Marcos-Contreras, C.F. Greineder, R.Y. Kiseleva, H. Parhiz, L.R. Walsh, V.
Zuluaga-Ramirez, J.W. Myerson, E.D. Hood, C.H. Villa, I. Tombacz, N. Pardi, A.
Seliga, B.L. Mui, Y.K. Tam, P.M. Glassman, V.V. Shuvaev, J. Nong, J.S. Brenner,
M. Khoshnejad, T. Madden, D. Weissmann, Y. Persidsky, V.R. Muzykantov,
Selective targeting of nanomedicine to inflamed cerebral vasculature to
enhance the blood-brain barrier, Proc. Natl. Acad. Sci. USA 117 (2020) 3405–
3414.

[129] C.F. Greineder, I.H. Johnston, C.H. Villa, K. Gollomp, C.T. Esmon, D.B. Cines, M.
Poncz, V.R. Muzykantov, ICAM-1-targeted thrombomodulin mitigates tissue
factor-driven inflammatory thrombosis in a human endothelialized
microfluidic model, Blood Adv. 1 (2017) 1452–1465.

http://refhub.elsevier.com/S0169-409X(22)00070-9/h0435
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0435
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0435
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0435
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0440
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0440
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0440
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0440
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0445
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0445
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0445
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0445
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0445
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0450
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0450
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0450
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0450
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0450
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0455
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0455
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0460
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0460
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0460
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0465
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0465
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0465
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0465
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0470
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0470
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0470
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0470
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0475
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0475
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0475
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0480
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0480
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0480
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0485
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0485
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0485
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0490
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0490
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0495
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0495
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0495
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0500
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0500
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0500
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0505
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0505
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0505
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0505
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0505
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0505
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0510
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0510
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0510
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0515
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0515
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0515
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0515
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0515
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0515
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0520
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0520
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0520
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0520
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0525
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0525
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0525
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0525
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0530
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0530
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0530
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0530
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0530
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0535
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0535
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0535
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0535
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0535
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0540
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0540
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0540
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0540
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0540
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0545
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0545
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0545
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0545
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0545
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0550
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0550
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0550
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0550
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0550
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0555
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0555
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0555
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0555
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0560
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0560
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0560
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0560
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0560
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0565
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0565
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0565
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0565
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0570
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0570
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0570
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0570
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0570
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0575
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0575
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0575
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0580
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0580
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0580
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0585
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0585
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0585
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0590
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0590
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0590
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0590
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0595
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0595
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0595
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0595
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0595
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0600
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0600
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0605
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0605
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0605
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0605
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0605
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0610
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0610
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0610
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0615
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0615
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0615
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0620
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0620
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0620
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0620
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0620
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0625
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0625
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0625
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0625
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0630
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0630
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0630
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0630
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0635
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0635
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0635
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0640
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0640
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0640
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0640
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0640
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0640
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0640
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0645
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0645
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0645
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0645


J. Nong, P.M. Glassman and V.R. Muzykantov Advanced Drug Delivery Reviews 184 (2022) 114180
[130] K. Khodabandehlou, J.J. Masehi-Lano, C. Poon, J. Wang, E.J. Chung, Targeting
cell adhesion molecules with nanoparticles using in vivo and flow-based
in vitro models of atherosclerosis, Exp. Biol. Med. (Maywood) 242 (2017)
799–812.

[131] S. Muro, R. Wiewrodt, A. Thomas, L. Koniaris, S.M. Albelda, V.R. Muzykantov,
M. Koval, A novel endocytic pathway induced by clustering endothelial
ICAM-1 or PECAM-1, J. Cell Sci. 116 (2003) 1599–1609.

[132] K.A. Kelly, J.R. Allport, A. Tsourkas, V.R. Shinde-Patil, L. Josephson, R.
Weissleder, Detection of vascular adhesion molecule-1 expression using a
novel multimodal nanoparticle, Circ. Res. 96 (2005) 327–336.

[133] A. Tsourkas, V.R. Shinde-Patil, K.A. Kelly, P. Patel, A. Wolley, J.R. Allport, R.
Weissleder, In vivo imaging of activated endothelium using an anti-VCAM-1
magnetooptical probe, Bioconjug. Chem. 16 (2005) 576–581.

[134] M.R. Barnard, H. MacGregor, R. Mercier, G. Ragno, L.E. Pivacek, H.B.
Hechtman, A.D. Michelson, C.R. Valeri, Platelet surface p-selectin, platelet-
granulocyte heterotypic aggregates, and plasma-soluble p-selectin during
plateletpheresis, Transfusion 39 (1999) 735–741.

[135] E.T. Keelan, A.A. Harrison, P.T. Chapman, R.M. Binns, A.M. Peters, D.O.
Haskard, Imaging vascular endothelial activation: an approach using
radiolabeled monoclonal antibodies against the endothelial cell adhesion
molecule E-selectin, J. Nucl. Med. 35 (1994) 276–281.

[136] J.R. Lindner, J. Song, J. Christiansen, A.L. Klibanov, F. Xu, K. Ley, Ultrasound
assessment of inflammation and renal tissue injury with microbubbles
targeted to P-selectin, Circulation 104 (2001) 2107–2112.

[137] D.B. Cines, E.S. Pollak, C.A. Buck, J. Loscalzo, G.A. Zimmerman, R.P. McEver, J.S.
Pober, T.M. Wick, B.A. Konkle, B.S. Schwartz, E.S. Barnathan, K.R. McCrae, B.A.
Hug, A.M. Schmidt, D.M. Stern, Endothelial cells in physiology and in the
pathophysiology of vascular disorders, Blood 91 (1998) 3527–3561.

[138] S.R. Barthel, J.D. Gavino, L. Descheny, C.J. Dimitroff, Targeting selectins and
selectin ligands in inflammation and cancer, Expert. Opin. Ther. Targets 11
(2007) 1473–1491.

[139] J.S. Uzarski, E.W. Scott, P.S. McFetridge, Adaptation of endothelial cells to
physiologically-modeled, variable shear stress, PLoS One 8 (2013) e57004.

[140] T. Bhowmick, E. Berk, X. Cui, V.R. Muzykantov, S. Muro, Effect of flow on
endothelial endocytosis of nanocarriers targeted to ICAM-1, J. Control.
Release 157 (2012) 485–492.

[141] D.H. Thijssen, E.A. Dawson, T.M. Tinken, N.T. Cable, D.J. Green, Retrograde
flow and shear rate acutely impair endothelial function in humans,
Hypertension 53 (2009) 986–992.

[142] M. Gauberti, B. Lapergue, S. Martinez de Lizarrondo, D. Vivien, S. Richard, S.
Bracard, M. Piotin, B. Gory, Ischemia-Reperfusion Injury After Endovascular
Thrombectomy for Ischemic Stroke, Stroke 49 (2018) 3071–3074.

[143] G.J. Nieuwenhuijs-Moeke, S.E. Pischke, S.P. Berger, J.S.F. Sanders, R.A. Pol, M.
Struys, R.J. Ploeg, H.G.D. Leuvenink, Ischemia and Reperfusion Injury in
Kidney Transplantation: Relevant Mechanisms in Injury and Repair, J. Clin.
Med. 9 (2020).

[144] G. Simonis, R.H. Strasser, B. Ebner, Reperfusion injury in acute myocardial
infarction, Crit. Care 16 (2012) A22.

[145] A.M. Akhtar, J.E. Schneider, S.J. Chapman, A. Jefferson, J.E. Digby, K. Mankia, Y.
Chen, M.A. McAteer, K.J. Wood, R.P. Choudhury, In vivo quantification of
VCAM-1 expression in renal ischemia reperfusion injury using non-invasive
magnetic resonance molecular imaging, PLoS ONE 5 (2010) e12800.

[146] D. Nemcovsky Amar, M. Epshtein, N. Korin, Endothelial Cell Activation in an
Embolic Ischemia-Reperfusion Injury Microfluidic Model, Micromachines
(Basel) 10 (2019).

[147] D. Dragun, U. Hoff, J.K. Park, Y. Qun, W. Schneider, F.C. Luft, H. Haller,
Ischemia-reperfusion injury in renal transplantation is independent of the
immunologic background, Kidney Int. 58 (2000) 2166–2177.

[148] J. Scallan, V.H. Huxley, R.J. Korthuis, Capillary Fluid Exchange: Regulation,
Functions, and Pathology, San Rafael (CA), 2010.

[149] J.S. Brenner, K. Bhamidipati, P.M. Glassman, N. Ramakrishnan, D. Jiang, A.J.
Paris, J.W. Myerson, D.C. Pan, V.V. Shuvaev, C.H. Villa, E.D. Hood, R. Kiseleva,
C.F. Greineder, R. Radhakrishnan, V.R. Muzykantov, Mechanisms that
determine nanocarrier targeting to healthy versus inflamed lung regions,
Nanomedicine 13 (2017) 1495–1506.

[150] D.D. Wagner, New links between inflammation and thrombosis, Arterioscler.
Thromb. Vasc. Biol. 25 (2005) 1321–1324.

[151] M. Levi, T.T. Keller, E. van Gorp, H. ten Cate, Infection and inflammation and
the coagulation system, Cardiovasc. Res. 60 (2003) 26–39.

[152] J.W. Yau, H. Teoh, S. Verma, Endothelial cell control of thrombosis, BMC
Cardiovasc. Disord. 15 (2015) 130.

[153] J.J. Hathcock, Flow effects on coagulation and thrombosis, Arterioscler.
Thromb. Vasc. Biol. 26 (2006) 1729–1737.

[154] K. Ley, J. Reutershan, Leucocyte-endothelial interactions in health and
disease, Handb. Exp. Pharmacol. (2006) 97–133.

[155] J. Middleton, S. Neil, J. Wintle, I. Clark-Lewis, H. Moore, C. Lam, M. Auer, E.
Hub, A. Rot, Transcytosis and surface presentation of IL-8 by venular
endothelial cells, Cell 91 (1997) 385–395.

[156] L.E. Paulis, I. Jacobs, N.M. van den Akker, T. Geelen, D.G. Molin, L.W. Starmans,
K. Nicolay, G.J. Strijkers, Targeting of ICAM-1 on vascular endothelium under
static and shear stress conditions using a liposomal Gd-based MRI contrast
agent, J. Nanobiotechnol. 10 (2012) 25.

[157] K.P. Seremeta, D.A. Chiappetta, A. Sosnik, Poly(epsilon-caprolactone),
Eudragit(R) RS 100 and poly(epsilon-caprolactone)/Eudragit(R) RS 100
blend submicron particles for the sustained release of the antiretroviral
efavirenz, Colloids Surf. B Biointerfaces 102 (2013) 441–449.
17
[158] S.K. Shaw, P.S. Bamba, B.N. Perkins, F.W. Luscinskas, Real-time imaging of
vascular endothelial-cadherin during leukocyte transmigration across
endothelium, J. Immunol. 167 (2001) 2323–2330.

[159] J.L. Betker, D. Jones, C.R. Childs, K.M. Helm, K. Terrell, M.A. Nagel, T.J.
Anchordoquy, Nanoparticle uptake by circulating leukocytes: A major barrier
to tumor delivery, J. Control. Release 286 (2018) 85–93.

[160] J. Etulain, M. Schattner, Glycobiology of platelet-endothelial cell interactions,
Glycobiology 24 (2014) 1252–1259.

[161] M. Ishikawa, D. Cooper, T.V. Arumugam, J.H. Zhang, A. Nanda, D.N. Granger,
Platelet-leukocyte-endothelial cell interactions after middle cerebral artery
occlusion and reperfusion, J. Cereb. Blood Flow Metab. 24 (2004) 907–915.

[162] M. Merten, P. Thiagarajan, P-selectin expression on platelets determines size
and stability of platelet aggregates, Circulation 102 (2000) 1931–1936.

[163] M. Arman, H. Payne, T. Ponomaryov, A. Brill, Role of Platelets in Inflammation,
in: S.W. Kerrigan, N. Moran (Eds.), The Non-Thrombotic Role of Platelets in
Health and Disease, 2015.

[164] G. Szeplaki, R. Szegedi, K. Hirschberg, T. Gombos, L. Varga, I. Karadi, L. Entz, Z.
Szeplaki, P. Garred, Z. Prohaszka, G. Fust, Strong complement activation after
acute ischemic stroke is associated with unfavorable outcomes,
Atherosclerosis 204 (2009) 315–320.

[165] L. Bavia, K.C.F. Lidani, F.A. Andrade, M. Sobrinho, R.M. Nisihara, I.J. de Messias-
Reason, Complement activation in acute myocardial infarction: An early
marker of inflammation and tissue injury?, Immunol Lett. 200 (2018) 18–25.

[166] P.H. Pandya, D.S. Wilkes, Complement system in lung disease, Am. J. Respir.
Cell Mol. Biol. 51 (2014) 467–473.

[167] D.A. Spain, T.M. Fruchterman, P.J. Matheson, M.A. Wilson, A.W. Martin, R.N.
Garrison, Complement activation mediates intestinal injury after
resuscitation from hemorrhagic shock, J. Trauma 46 (1999) 224–233.

[168] B.J. Czermak, V. Sarma, C.L. Pierson, R.L. Warner, M. Huber-Lang, N.M. Bless,
H. Schmal, H.P. Friedl, P.A. Ward, Protective effects of C5a blockade in sepsis,
Nat. Med. 5 (1999) 788–792.

[169] E. Johnson, G. Hetland, Human umbilical vein endothelial cells synthesize
functional C3, C5, C6, C8 and C9 in vitro, Scand. J. Immunol. 33 (1991) 667–
671.

[170] R.A. Brooimans, A.A. van der Ark, W.A. Buurman, L.A. van Es, M.R. Daha,
Differential regulation of complement factor H and C3 production in human
umbilical vein endothelial cells by IFN-gamma and IL-1, J. Immunol. 144
(1990) 3835–3840.

[171] A.H. Schmaier, S.C. Murray, G.D. Heda, A. Farber, A. Kuo, K. McCrae, D.B. Cines,
Synthesis and expression of C1 inhibitor by human umbilical vein endothelial
cells, J. Biol. Chem. 264 (1989) 18173–18179.

[172] F. Fischetti, F. Tedesco, Cross-talk between the complement system and
endothelial cells in physiologic conditions and in vascular diseases,
Autoimmunity 39 (2006) 417–428.

[173] B.S. Ding, C. Gottstein, A. Grunow, A. Kuo, K. Ganguly, S.M. Albelda, D.B. Cines,
V.R. Muzykantov, Endothelial targeting of a recombinant construct fusing a
PECAM-1 single-chain variable antibody fragment (scFv) with prourokinase
facilitates prophylactic thrombolysis in the pulmonary vasculature, Blood
106 (2005) 4191–4198.

[174] B.S. Ding, N. Hong, J.C. Murciano, K. Ganguly, C. Gottstein, M. Christofidou-
Solomidou, S.M. Albelda, A.B. Fisher, D.B. Cines, V.R. Muzykantov,
Prophylactic thrombolysis by thrombin-activated latent prourokinase
targeted to PECAM-1 in the pulmonary vasculature, Blood 111 (2008)
1999–2006.

[175] J.E. Dahlman, C. Barnes, O. Khan, A. Thiriot, S. Jhunjunwala, T.E. Shaw, Y. Xing,
H.B. Sager, G. Sahay, L. Speciner, A. Bader, R.L. Bogorad, H. Yin, T. Racie, Y.
Dong, S. Jiang, D. Seedorf, A. Dave, K.S. Sandu, M.J. Webber, T. Novobrantseva,
V.M. Ruda, A.K.R. Lytton-Jean, C.G. Levins, B. Kalish, D.K. Mudge, M. Perez, L.
Abezgauz, P. Dutta, L. Smith, K. Charisse, M.W. Kieran, K. Fitzgerald, M.
Nahrendorf, D. Danino, R.M. Tuder, U.H. von Andrian, A. Akinc, A. Schroeder,
D. Panigrahy, V. Kotelianski, R. Langer, D.G. Anderson, In vivo endothelial
siRNA delivery using polymeric nanoparticles with low molecular weight,
Nat. Nanotechnol. 9 (2014) 648–655.

[176] M.C. Ferrer, V.V. Shuvaev, B.J. Zern, R.J. Composto, V.R. Muzykantov, D.M.
Eckmann, Icam-1 targeted nanogels loaded with dexamethasone alleviate
pulmonary inflammation, PLoS ONE 9 (2014) e102329.

[177] G.A. Koning, R.M. Schiffelers, M.H. Wauben, R.J. Kok, E. Mastrobattista, G.
Molema, T.L. ten Hagen, G. Storm, Targeting of angiogenic endothelial cells at
sites of inflammation by dexamethasone phosphate-containing RGD peptide
liposomes inhibits experimental arthritis, Arthritis Rheum. 54 (2006) 1198–
1208.

[178] W.A. Muller, The use of anti-PECAM reagents in the control of inflammation,
Agents Actions Suppl. 46 (1995) 147–157.

[179] S. Bogen, J. Pak, M. Garifallou, X. Deng, W.A. Muller, Monoclonal antibody to
murine PECAM-1 (CD31) blocks acute inflammation in vivo, J. Exp. Med. 179
(1994) 1059–1064.

[180] R.J. Gumina, J. el Schultz, Z. Yao, D. Kenny, D.C. Warltier, P.J. Newman, G.J.
Gross, Antibody to platelet/endothelial cell adhesion molecule-1 reduces
myocardial infarct size in a rat model of ischemia-reperfusion injury,
Circulation 94 (1996) 3327–3333.

[181] T. Murohara, J.A. Delyani, S.M. Albelda, A.M. Lefer, Blockade of platelet
endothelial cell adhesion molecule-1 protects against myocardial ischemia
and reperfusion injury in cats, J. Immunol. 156 (1996) 3550–3557.

[182] J. Winneberger, S. Schols, K. Lessmann, J. Randez-Garbayo, A.T. Bauer, A.
Mohamud Yusuf, D.M. Hermann, M. Gunzer, S.W. Schneider, J. Fiehler, C.
Gerloff, M. Gelderblom, P. Ludewig, T. Magnus, Platelet endothelial cell

http://refhub.elsevier.com/S0169-409X(22)00070-9/h0650
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0650
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0650
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0650
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0655
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0655
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0655
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0660
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0660
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0660
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0665
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0665
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0665
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0670
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0670
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0670
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0670
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0675
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0675
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0675
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0675
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0680
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0680
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0680
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0685
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0685
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0685
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0685
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0690
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0690
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0690
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0695
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0695
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0700
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0700
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0700
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0705
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0705
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0705
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0710
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0710
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0710
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0715
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0715
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0715
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0715
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0720
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0720
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0725
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0725
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0725
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0725
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0730
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0730
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0730
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0735
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0735
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0735
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0745
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0745
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0745
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0745
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0745
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0750
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0750
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0755
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0755
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0760
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0760
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0765
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0765
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0770
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0770
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0775
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0775
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0775
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0780
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0780
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0780
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0780
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0785
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0785
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0785
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0785
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0790
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0790
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0790
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0795
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0795
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0795
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0800
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0800
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0805
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0805
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0805
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0810
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0810
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0815
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0815
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0815
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0815
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0815
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0815
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0820
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0820
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0820
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0820
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0825
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0825
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0825
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0830
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0830
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0835
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0835
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0835
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0840
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0840
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0840
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0845
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0845
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0845
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0850
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0850
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0850
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0850
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0855
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0855
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0855
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0860
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0860
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0860
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0865
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0865
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0865
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0865
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0865
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0870
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0870
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0870
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0870
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0870
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0875
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0875
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0875
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0875
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0875
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0875
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0875
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0875
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0875
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0880
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0880
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0880
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0885
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0885
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0885
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0885
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0885
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0890
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0890
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0895
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0895
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0895
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0900
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0900
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0900
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0900
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0905
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0905
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0905
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0910
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0910
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0910


J. Nong, P.M. Glassman and V.R. Muzykantov Advanced Drug Delivery Reviews 184 (2022) 114180
adhesion molecule-1 is a gatekeeper of neutrophil transendothelial
migration in ischemic stroke, Brain Behav. Immun. 93 (2021) 277–287.

[183] V.V. Shuvaev, M. Christofidou-Solomidou, F. Bhora, K. Laude, H. Cai, S.
Dikalov, E. Arguiri, C.C. Solomides, S.M. Albelda, D.G. Harrison, V.R.
Muzykantov, Targeted detoxification of selected reactive oxygen species in
the vascular endothelium, J. Pharmacol. Exp. Ther. 331 (2009) 404–411.

[184] V.V. Shuvaev, J. Han, K.J. Yu, S. Huang, B.J. Hawkins, M. Madesh, M. Nakada, V.
R. Muzykantov, PECAM-targeted delivery of SOD inhibits endothelial
inflammatory response, FASEB J. 25 (2011) 348–357.

[185] V.V. Shuvaev, J. Han, S. Tliba, E. Arguiri, M. Christofidou-Solomidou, S.H.
Ramirez, H. Dykstra, Y. Persidsky, D.N. Atochin, P.L. Huang, V.R. Muzykantov,
Anti-inflammatory effect of targeted delivery of SOD to endothelium:
mechanism, synergism with NO donors and protective effects in vitro and
in vivo, PLoS ONE 8 (2013) e77002.

[186] C.F. Greineder, J.B. Brenza, R. Carnemolla, S. Zaitsev, E.D. Hood, D.C. Pan, B.S.
Ding, C.T. Esmon, A.M. Chacko, V.R. Muzykantov, Dual targeting of
therapeutics to endothelial cells: collaborative enhancement of delivery
and effect, FASEB J. 29 (2015) 3483–3492.

[187] J. Pongmoragot, A.A. Rabinstein, Y. Nilanont, R.H. Swartz, L. Zhou, G. Saposnik,
N. Investigators of Registry of Canadian Stroke, G. University of Toronto
Stroke Program for Stroke Outcomes Research Canada Working, Pulmonary
embolism in ischemic stroke: clinical presentation, risk factors, and outcome,
J. Am. Heart Assoc. 2 (2013) e000372.

[188] E.D. Hood, M. Chorny, C.F. Greineder, S.A. I, R.J. Levy, V.R. Muzykantov,
Endothelial targeting of nanocarriers loaded with antioxidant enzymes for
protection against vascular oxidative stress and inflammation, Biomaterials
35 (2014) 3708-3715.

[189] S. Li, Y. Tan, E. Viroonchatapan, B.R. Pitt, L. Huang, Targeted gene delivery to
pulmonary endothelium by anti-PECAM antibody, Am. J. Physiol. Lung Cell.
Mol. Physiol. 278 (2000) L504–L511.

[190] L.H. Deddens, G.A. van Tilborg, A. van der Toorn, H.E. de Vries, R.M.
Dijkhuizen, PECAM-1-targeted micron-sized particles of iron oxide as MRI
contrast agent for detection of vascular remodeling after cerebral ischemia,
Contrast Media Mol. Imaging 8 (2013) 393–401.

[191] T. Kumasaka, W.M. Quinlan, N.A. Doyle, T.P. Condon, J. Sligh, F. Takei, A.
Beaudet, C.F. Bennett, C.M. Doerschuk, Role of the intercellular adhesion
molecule-1(ICAM-1) in endotoxin-induced pneumonia evaluated using
ICAM-1 antisense oligonucleotides, anti-ICAM-1 monoclonal antibodies,
and ICAM-1 mutant mice, J. Clin. Invest. 97 (1996) 2362–2369.

[192] C.M. Doerschuk, W.M. Quinlan, N.A. Doyle, D.C. Bullard, D. Vestweber, M.L.
Jones, F. Takei, P.A. Ward, A.L. Beaudet, The role of P-selectin and ICAM-1 in
acute lung injury as determined using blocking antibodies and mutant mice,
J. Immunol. 157 (1996) 4609–4614.

[193] R.L. Sorkness, H. Mehta, M.R. Kaplan, M. Miyasaka, S.L. Hefle, R.F. Lemanske
Jr., Effect of ICAM-1 blockade on lung inflammation and physiology during
acute viral bronchiolitis in rats, Pediatr. Res. 47 (2000) 819–824.

[194] R.W. Barton, R. Rothlein, J. Ksiazek, C. Kennedy, The effect of anti-intercellular
adhesion molecule-1 on phorbol-ester-induced rabbit lung inflammation, J.
Immunol. 143 (1989) 1278–1282.

[195] R.L. Zhang, M. Chopp, Y. Li, C. Zaloga, N. Jiang, M.L. Jones, M. Miyasaka, P.A.
Ward, Anti-ICAM-1 antibody reduces ischemic cell damage after transient
middle cerebral artery occlusion in the rat, Neurology 44 (1994) 1747–1751.

[196] R.L. Zhang, M. Chopp, N. Jiang, W.X. Tang, J. Prostak, A.M. Manning, D.C.
Anderson, Anti-intercellular adhesion molecule-1 antibody reduces ischemic
cell damage after transient but not permanent middle cerebral artery
occlusion in the Wistar rat, Stroke 26 (1995) 1438–1442, discussion 1443.

[197] M. Chopp, Y. Li, N. Jiang, R.L. Zhang, J. Prostak, Antibodies against adhesion
molecules reduce apoptosis after transient middle cerebral artery occlusion
in rat brain, J. Cereb. Blood Flow Metab. 16 (1996) 578–584.

[198] Y. Kanemoto, H. Nakase, N. Akita, T. Sakaki, Effects of anti-intercellular
adhesion molecule-1 antibody on reperfusion injury induced by late
reperfusion in the rat middle cerebral artery occlusion model,
Neurosurgery 51 (2002) 1034–1041, discussion 1041–1032.

[199] D. Schneider, J. Berrouschot, T. Brandt, W. Hacke, A. Ferbert, S.H. Norris, S.H.
Polmar, E. Schafer, Safety, pharmacokinetics and biological activity of
enlimomab (anti-ICAM-1 antibody): an open-label, dose escalation study in
patients hospitalized for acute stroke, Eur. Neurol. 40 (1998) 78–83.

[200] I. Enlimomab Acute Stroke Trial, Use of anti-ICAM-1 therapy in ischemic
stroke: results of the Enlimomab Acute Stroke Trial, Neurology 57 (2001)
1428–1434.

[201] V.V. Shuvaev, S. Muro, E. Arguiri, M. Khoshnejad, S. Tliba, M. Christofidou-
Solomidou, V.R. Muzykantov, Size and targeting to PECAM vs ICAM control
endothelial delivery, internalization and protective effect of multimolecular
SOD conjugates, J. Control. Release 234 (2016) 115–123.

[202] S. Li, L. Chen, G. Wang, L. Xu, S. Hou, Z. Chen, X. Xu, X. Wang, F. Liu, Y.Z. Du,
Anti-ICAM-1 antibody-modified nanostructured lipid carriers: a pulmonary
vascular endothelium-targeted device for acute lung injury therapy, J.
Nanobiotechnol. 16 (2018) 105.

[203] C.Y. Zhang, W. Lin, J. Gao, X. Shi, M. Davaritouchaee, A.E. Nielsen, R.J. Mancini,
Z. Wang, pH-Responsive Nanoparticles Targeted to Lungs for Improved
Therapy of Acute Lung Inflammation/Injury, ACS Appl. Mater. Interfaces 11
(2019) 16380–16390.

[204] S. Jiang, S. Li, J. Hu, X. Xu, X. Wang, X. Kang, J. Qi, X. Lu, J. Wu, Y. Du, Y. Xiao,
Combined delivery of angiopoietin-1 gene and simvastatin mediated by anti-
intercellular adhesion molecule-1 antibody-conjugated ternary nanoparticles
for acute lung injury therapy, Nanomedicine 15 (2019) 25–36.
18
[205] S.J. Li, X.J. Wang, J.B. Hu, X.Q. Kang, L. Chen, X.L. Xu, X.Y. Ying, S.P. Jiang, Y.Z.
Du, Targeting delivery of simvastatin using ICAM-1 antibody-conjugated
nanostructured lipid carriers for acute lung injury therapy, Drug Deliv. 24
(2017) 402–413.

[206] Y. Yang, Y. Ding, B. Fan, Y. Wang, Z. Mao, W. Wang, J. Wu, Inflammation-
targeting polymeric nanoparticles deliver sparfloxacin and tacrolimus for
combating acute lung sepsis, J. Control. Release 321 (2020) 463–474.

[207] R.L. Manthe, M. Loeck, T. Bhowmick, M. Solomon, S. Muro, Intertwined
mechanisms define transport of anti-ICAM nanocarriers across the
endothelium and brain delivery of a therapeutic enzyme, J. Control. Release
324 (2020) 181–193.

[208] J. Hsu, J. Hoenicka, S. Muro, Targeting, endocytosis, and lysosomal delivery of
active enzymes to model human neurons by ICAM-1-targeted nanocarriers,
Pharm. Res. 32 (2015) 1264–1278.

[209] J. Hsu, T. Bhowmick, S.R. Burks, J.P. Kao, S. Muro, Enhancing biodistribution of
therapeutic enzymes in vivo by modulating surface coating and
concentration of ICAM-1-targeted nanocarriers, J. Biomed. Nanotechnol. 10
(2014) 345–354.

[210] J. Papademetriou, C. Garnacho, D. Serrano, T. Bhowmick, E.H. Schuchman, S.
Muro, Comparative binding, endocytosis, and biodistribution of antibodies
and antibody-coated carriers for targeted delivery of lysosomal enzymes to
ICAM-1 versus transferrin receptor, J. Inherit. Metab. Dis. 36 (2013) 467–477.

[211] J. Hsu, D. Serrano, T. Bhowmick, K. Kumar, Y. Shen, Y.C. Kuo, C. Garnacho, S.
Muro, Enhanced endothelial delivery and biochemical effects of alpha-
galactosidase by ICAM-1-targeted nanocarriers for Fabry disease, J. Control.
Release 149 (2011) 323–331.

[212] C.S. Callicutt, O. Sabek, K. Fukatsu, A.H. Lundberg, L. Gaber, H. Wilcox, M.
Kotb, A.O. Gaber, Diminished lung injury with vascular adhesion molecule-1
blockade in choline-deficient ethionine diet-induced pancreatitis, Surgery
133 (2003) 186–196.

[213] C. Justicia, A. Martin, S. Rojas, M. Gironella, A. Cervera, J. Panes, A. Chamorro,
A.M. Planas, Anti-VCAM-1 antibodies did not protect against ischemic
damage either in rats or in mice, J. Cereb. Blood Flow Metab. 26 (2006)
421–432.

[214] M. Voinea, I. Manduteanu, E. Dragomir, M. Capraru, M. Simionescu,
Immunoliposomes directed toward VCAM-1 interact specifically with
activated endothelial cells–a potential tool for specific drug delivery,
Pharm. Res. 22 (2005) 1906–1917.

[215] K. Leung, Anti-vascular cell adhesion molecule monoclonal antibody M/K-2.7
conjugated cross-linked iron oxide-Cy5.5 nanoparticles, Molecular Imaging
and Contrast Agent Database (MICAD), Bethesda (MD), 2004.

[216] D.I. Kang, S. Lee, J.T. Lee, B.J. Sung, J.Y. Yoon, J.K. Kim, J. Chung, S.J. Lim,
Preparation and in vitro evaluation of anti-VCAM-1-Fab’-conjugated
liposomes for the targeted delivery of the poorly water-soluble drug
celecoxib, J. Microencapsul. 28 (2011) 220–227.

[217] P.S. Kowalski, P.J. Zwiers, H.W. Morselt, J.M. Kuldo, N.G. Leus, M.H. Ruiters, G.
Molema, J.A. Kamps, Anti-VCAM-1 SAINT-O-Somes enable endothelial-
specific delivery of siRNA and downregulation of inflammatory genes in
activated endothelium in vivo, J. Control. Release 176 (2014) 64–75.

[218] R. Li, P.S. Kowalski, H.W.M. Morselt, I. Schepel, R.M. Jongman, A. Aslan, M.H.J.
Ruiters, J.G. Zijlstra, G. Molema, M. van Meurs, J. Kamps, Endothelium-
targeted delivery of dexamethasone by anti-VCAM-1 SAINT-O-Somes in
mouse endotoxemia, PLoS ONE 13 (2018) e0196976.

[219] M. Gauberti, A. Montagne, O.A. Marcos-Contreras, A. Le Behot, E. Maubert, D.
Vivien, Ultra-sensitive molecular MRI of vascular cell adhesion molecule-1
reveals a dynamic inflammatory penumbra after strokes, Stroke 44 (2013)
1988–1996.

[220] T.R. Ulich, S.C. Howard, D.G. Remick, E.S. Yi, T. Collins, K. Guo, S. Yin, J.L.
Keene, J.J. Schmuke, C.N. Steininger, et al., Intratracheal administration of
endotoxin and cytokines: VIII. LPS induces E-selectin expression; anti-E-
selectin and soluble E-selectin inhibit acute inflammation, Inflammation 18
(1994) 389–398.

[221] J. Zhang, M. Su, Z. Yin, Construction of Inflammatory Directed Polymer
Micelles and Its Application in Acute Lung Injury, AAPS PharmSciTech 21
(2020) 217.

[222] Y. Liu, B. Yang, X. Zhao, M. Xi, Z. Yin, E-Selectin-Binding Peptide-Modified
Bovine Serum Albumin Nanoparticles for the Treatment of Acute Lung Injury,
AAPS PharmSciTech 20 (2019) 270.

[223] A. Chandra, J. Katahira, F.C. Schmalstieg, K. Murakami, P. Enkhbaatar, R.A. Cox,
H.K. Hawkins, L.D. Traber, D.N. Herndon, D.L. Traber, P-selectin blockade fails
to improve acute lung injury in sheep, Clin. Sci. (Lond.) 104 (2003) 313–321.

[224] A.V. Goussev, Z. Zhang, D.C. Anderson, M. Chopp, P-selectin antibody reduces
hemorrhage and infarct volume resulting from MCA occlusion in the rat, J.
Neurol. Sci. 161 (1998) 16–22.

[225] H. Suzuki, K. Abe, S.J. Tojo, H. Kitagawa, K. Kimura, M. Mizugaki, Y. Itoyama,
Reduction of ischemic brain injury by anti-P-selectin monoclonal antibody
after permanent middle cerebral artery occlusion in rat, Neurol. Res. 21
(1999) 269–276.

[226] H. Suzuki, T. Hayashi, S.J. Tojo, H. Kitagawa, K. Kimura, M. Mizugaki, Y.
Itoyama, K. Abe, Anti-P-selectin antibody attenuates rat brain ischemic
injury, Neurosci. Lett. 265 (1999) 163–166.

[227] J. Lehmberg, J. Beck, A. Baethmann, E. Uhl, Effect of P-selectin inhibition on
leukocyte-endothelium interaction and survival after global cerebral
ischemia, J. Neurol. 253 (2006) 357–363.

[228] R.C. Scott, J.M. Rosano, Z. Ivanov, B. Wang, P.L. Chong, A.C. Issekutz, D.L.
Crabbe, M.F. Kiani, Targeting VEGF-encapsulated immunoliposomes to MI

http://refhub.elsevier.com/S0169-409X(22)00070-9/h0910
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0910
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0915
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0915
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0915
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0915
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0920
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0920
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0920
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0925
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0925
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0925
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0925
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0925
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0930
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0930
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0930
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0930
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0935
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0935
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0935
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0935
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0935
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0945
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0945
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0945
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0950
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0950
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0950
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0950
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0955
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0955
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0955
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0955
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0955
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0960
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0960
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0960
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0960
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0965
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0965
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0965
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0970
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0970
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0970
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0975
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0975
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0975
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0980
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0980
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0980
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0980
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0985
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0985
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0985
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0990
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0990
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0990
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0990
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0995
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0995
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0995
http://refhub.elsevier.com/S0169-409X(22)00070-9/h0995
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1000
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1000
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1000
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1005
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1005
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1005
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1005
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1010
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1010
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1010
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1010
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1015
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1015
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1015
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1015
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1020
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1020
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1020
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1020
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1025
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1025
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1025
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1025
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1030
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1030
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1030
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1035
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1035
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1035
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1035
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1040
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1040
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1040
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1045
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1045
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1045
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1045
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1050
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1050
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1050
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1050
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1055
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1055
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1055
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1055
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1060
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1060
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1060
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1060
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1065
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1065
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1065
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1065
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1070
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1070
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1070
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1070
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1080
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1080
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1080
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1080
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1085
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1085
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1085
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1085
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1090
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1090
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1090
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1090
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1095
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1095
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1095
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1095
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1100
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1100
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1100
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1100
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1100
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1105
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1105
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1105
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1110
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1110
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1110
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1115
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1115
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1115
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1120
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1120
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1120
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1125
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1125
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1125
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1125
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1130
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1130
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1130
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1135
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1135
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1135
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1140
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1140


J. Nong, P.M. Glassman and V.R. Muzykantov Advanced Drug Delivery Reviews 184 (2022) 114180
heart improves vascularity and cardiac function, FASEB J. 23 (2009) 3361–
3367.

[229] B. Wang, R. Cheheltani, J. Rosano, D.L. Crabbe, M.F. Kiani, Targeted delivery of
VEGF to treat myocardial infarction, Adv. Exp. Med. Biol. 765 (2013) 307–314.

[230] R.C. Scott, B. Wang, R. Nallamothu, C.B. Pattillo, G. Perez-Liz, A. Issekutz, L. Del
Valle, G.C. Wood, M.F. Kiani, Targeted delivery of antibody conjugated
liposomal drug carriers to rat myocardial infarction, Biotechnol. Bioeng. 96
(2007) 795–802.

[231] M.D. Pierschbacher, E.G. Hayman, E. Ruoslahti, Location of the cell-
attachment site in fibronectin with monoclonal antibodies and proteolytic
fragments of the molecule, Cell 26 (1981) 259–267.

[232] V. Pooladanda, S. Thatikonda, O. Sunnapu, S. Tiwary, P.K. Vemula, M. Talluri,
C. Godugu, iRGD conjugated nimbolide liposomes protect against endotoxin
induced acute respiratory distress syndrome, Nanomedicine 33 (2021)
102351.

[233] T. Tian, H.X. Zhang, C.P. He, S. Fan, Y.L. Zhu, C. Qi, N.P. Huang, Z.D. Xiao, Z.H.
Lu, B.A. Tannous, J. Gao, Surface functionalized exosomes as targeted drug
delivery vehicles for cerebral ischemia therapy, Biomaterials 150 (2018) 137–
149.

[234] W.A. Jefferies, M.R. Brandon, S.V. Hunt, A.F. Williams, K.C. Gatter, D.Y. Mason,
Transferrin receptor on endothelium of brain capillaries, Nature 312 (1984)
162–163.

[235] P.M. Friden, L.R. Walus, G.F. Musso, M.A. Taylor, B. Malfroy, R.M. Starzyk,
Anti-transferrin receptor antibody and antibody-drug conjugates cross the
blood-brain barrier, Proc. Natl. Acad. Sci. USA 88 (1991) 4771–4775.

[236] W.M. Pardridge, J.L. Buciak, P.M. Friden, Selective transport of an anti-
transferrin receptor antibody through the blood-brain barrier in vivo, J.
Pharmacol. Exp. Ther. 259 (1991) 66–70.

[237] J. Hu, D. Al-Waili, A. Hassan, G.C. Fan, M. Xin, J. Hao, Inhibition of cerebral
vascular inflammation by brain endothelium-targeted oligodeoxynucleotide
complex, Neuroscience 329 (2016) 30–42.

[238] H. Amani, R. Habibey, F. Shokri, S.J. Hajmiresmail, O. Akhavan, A. Mashaghi, H.
Pazoki-Toroudi, Selenium nanoparticles for targeted stroke therapy through
modulation of inflammatory and metabolic signaling, Sci. Rep. 9 (2019) 6044.

[239] J.E. Schnitzer, Caveolae: from basic trafficking mechanisms to targeting
transcytosis for tissue-specific drug and gene delivery in vivo, Adv. Drug
Deliv. Rev. 49 (2001) 265–280.

[240] V.V. Shuvaev, R.Y. Kiseleva, E. Arguiri, C.H. Villa, S. Muro, M. Christofidou-
Solomidou, R.V. Stan, V.R. Muzykantov, Targeting superoxide dismutase to
endothelial caveolae profoundly alleviates inflammation caused by
endotoxin, J. Control. Release 272 (2018) 1–8.

[241] Q. Li, C. Chan, N. Peterson, R.N. Hanna, A. Alfaro, K.L. Allen, H. Wu, W.F.
Dall’Acqua, M.J. Borrok, J.L. Santos, Engineering Caveolae-Targeted Lipid
Nanoparticles To Deliver mRNA to the Lungs, ACS Chem. Biol. 15 (2020) 830–
836.

[242] Z. Wang, J. Li, J. Cho, A.B. Malik, Prevention of vascular inflammation by
nanoparticle targeting of adherent neutrophils, Nat. Nanotechnol. 9 (2014)
204–210.

[243] J.W. Myerson, P.N. Patel, K.M. Rubey, M.E. Zamora, M.H. Zaleski, N. Habibi, L.
R. Walsh, Y.W. Lee, D.C. Luther, L.T. Ferguson, O.A. Marcos-Contreras, P.M.
Glassman, L.L. Mazaleuskaya, I. Johnston, E.D. Hood, T. Shuvaeva, J. Wu, H.Y.
Zhang, J.V. Gregory, R.Y. Kiseleva, J. Nong, T. Grosser, C.F. Greineder, S.
Mitragotri, G.S. Worthen, V.M. Rotello, J. Lahann, V.R. Muzykantov, J.S.
Brenner, Supramolecular arrangement of protein in nanoparticle structures
predicts nanoparticle tropism for neutrophils in acute lung inflammation,
Nat. Nanotechnol. 17 (2022) 86–97.

[244] Q. Ma, Q. Fan, J. Xu, J. Bai, X. Han, Z. Dong, X. Zhou, Z. Liu, Z. Gu, C. Wang,
Calming Cytokine Storm in Pneumonia by Targeted Delivery of TPCA-1 Using
Platelet-Derived Extracellular Vesicles, Matter 3 (2020) 287–301.

[245] X. Dong, J. Gao, C.Y. Zhang, C. Hayworth, M. Frank, Z. Wang, Neutrophil
Membrane-Derived Nanovesicles Alleviate Inflammation To Protect Mouse
Brain Injury from Ischemic Stroke, ACS Nano 13 (2019) 1272–1283.

[246] Q. Li, Y. Song, Q. Wang, J. Chen, J. Gao, H. Tan, S. Li, Y. Wu, H. Yang, H. Huang,
Y. Yu, Y. Li, N. Zhang, Z. Huang, Z. Pang, J. Qian, J. Ge, Engineering extracellular
vesicles with platelet membranes fusion enhanced targeted therapeutic
angiogenesis in a mouse model of myocardial ischemia reperfusion,
Theranostics 11 (2021) 3916–3931.

[247] C.F. Greineder, A.M. Chacko, S. Zaytsev, B.J. Zern, R. Carnemolla, E.D. Hood, J.
Han, B.S. Ding, C.T. Esmon, V.R. Muzykantov, Vascular immunotargeting to
endothelial determinant ICAM-1 enables optimal partnering of recombinant
scFv-thrombomodulin fusion with endogenous cofactor, PLoS ONE 8 (2013)
e80110.

[248] J. Han, V.V. Shuvaev, P.F. Davies, D.M. Eckmann, S. Muro, V.R. Muzykantov,
Flow shear stress differentially regulates endothelial uptake of nanocarriers
targeted to distinct epitopes of PECAM-1, J. Control. Release 210 (2015) 39–
47.

[249] R. Kiseleva, C.F. Greineder, C.H. Villa, E.D. Hood, V.V. Shuvaev, J. Sun, A.M.
Chacko, V. Abraham, H.M. DeLisser, V.R. Muzykantov, Mechanism of
Collaborative Enhancement of Binding of Paired Antibodies to Distinct
Epitopes of Platelet Endothelial Cell Adhesion Molecule-1, PLoS ONE 12
(2017) e0169537.

[250] A.M. Chacko, J. Han, C.F. Greineder, B.J. Zern, J.L. Mikitsh, M. Nayak, D. Menon,
I.H. Johnston, M. Poncz, D.M. Eckmann, P.F. Davies, V.R. Muzykantov,
Collaborative Enhancement of Endothelial Targeting of Nanocarriers by
Modulating Platelet-Endothelial Cell Adhesion Molecule-1/CD31 Epitope
Engagement, ACS Nano 9 (2015) 6785–6793.
19
[251] A.M. Chacko, M. Nayak, C.F. Greineder, H.M. Delisser, V.R. Muzykantov,
Collaborative enhancement of antibody binding to distinct PECAM-1 epitopes
modulates endothelial targeting, PLoS ONE 7 (2012) e34958.

[252] C. Emanueli, E.F. Grady, P. Madeddu, M. Figini, N.W. Bunnett, D. Parisi, D.
Regoli, P. Geppetti, Acute ACE inhibition causes plasma extravasation in mice
that is mediated by bradykinin and substance P, Hypertension 31 (1998)
1299–1304.

[253] Y. Song, P.S. Stal, J.G. Yu, R. Lorentzon, C. Backman, S. Forsgren, Inhibitors of
endopeptidase and angiotensin-converting enzyme lead to an amplification
of the morphological changes and an upregulation of the substance P system
in a muscle overuse model, BMC Musculoskelet Disord. 15 (2014) 126.

[254] R.Y. Kiseleva, C.F. Greineder, C.H. Villa, O.A. Marcos-Contreras, E.D. Hood, V.V.
Shuvaev, H.M. DeLisser, V.R. Muzykantov, Vascular endothelial effects of
collaborative binding to platelet/endothelial cell adhesion molecule-1
(PECAM-1), Sci. Rep. 8 (2018) 1510.

[255] M. Christofidou-Solomidou, S. Kennel, A. Scherpereel, R. Wiewrodt, C.C.
Solomides, G.G. Pietra, J.C. Murciano, S.A. Shah, H. Ischiropoulos, S.M. Albelda,
V.R. Muzykantov, Vascular immunotargeting of glucose oxidase to the
endothelial antigens induces distinct forms of oxidant acute lung injury:
targeting to thrombomodulin, but not to PECAM-1, causes pulmonary
thrombosis and neutrophil transmigration, Am. J. Pathol. 160 (2002) 1155–
1169.

[256] G.H. Jeong, K.H. Lee, I.R. Lee, J.H. Oh, D.W. Kim, J.W. Shin, A. Kronbichler, M.
Eisenhut, H.J. van der Vliet, O. Abdel-Rahman, B. Stubbs, M. Solmi, N.
Veronese, E. Dragioti, A. Koyanagi, J. Radua, J.I. Shin, Incidence of Capillary
Leak Syndrome as an Adverse Effect of Drugs in Cancer Patients: A Systematic
Review and Meta-Analysis, J. Clin. Med. 8 (2019).

[257] H. Parhiz, M. Khoshnejad, J.W. Myerson, E. Hood, P.N. Patel, J.S. Brenner, V.R.
Muzykantov, Unintended effects of drug carriers: Big issues of small particles,
Adv. Drug Deliv. Rev. 130 (2018) 90–112.

[258] S.A. Meo, I.A. Bukhari, J. Akram, A.S. Meo, D.C. Klonoff, COVID-19 vaccines:
comparison of biological, pharmacological characteristics and adverse effects
of Pfizer/BioNTech and Moderna Vaccines, Eur. Rev. Med. Pharmacol. Sci. 25
(2021) 1663–1669.

[259] J. Szebeni, Complement activation-related pseudoallergy: a new class of
drug-induced acute immune toxicity, Toxicology 216 (2005) 106–121.

[260] E. Orfi, T. Meszaros, M. Hennies, T. Fulop, L. Dezsi, A. Nardocci, L.
Rosivall, P. Hamar, B.W. Neun, M.A. Dobrovolskaia, J. Szebeni, G. Szenasi,
Acute physiological changes caused by complement activators and
amphotericin B-containing liposomes in mice, Int. J. Nanomed. 14
(2019) 1563–1573.

[261] J. Szebeni, L. Baranyi, S. Savay, M. Bodo, D.S. Morse, M. Basta, G.L. Stahl, R.
Bunger, C.R. Alving, Liposome-induced pulmonary hypertension: properties
and mechanism of a complement-mediated pseudoallergic reaction, Am. J.
Physiol. Heart Circ. Physiol. 279 (2000) H1319–H1328.

[262] L. Klimek, N. Novak, B. Cabanillas, M. Jutel, J. Bousquet, C.A. Akdis, Allergenic
components of the mRNA-1273 vaccine for COVID-19: possible involvement
of polyethylene glycol and IgG-mediated complement activation, Allergy
(2021).

[263] Z. Patkó, J. Szebeni, Blood cell changes in complement activation-related
pseudoallergy, Europ. J. Nanomed. 7 (2015) 233–244.

[264] Y. Sato, H. Matsui, N. Yamamoto, R. Sato, T. Munakata, M. Kohara, H.
Harashima, Highly specific delivery of siRNA to hepatocytes circumvents
endothelial cell-mediated lipid nanoparticle-associated toxicity leading to
the safe and efficacious decrease in the hepatitis B virus, J. Control. Release
266 (2017) 216–225.

[265] J. Gust, K.A. Hay, L.A. Hanafi, D. Li, D. Myerson, L.F. Gonzalez-Cuyar, C. Yeung,
W.C. Liles, M. Wurfel, J.A. Lopez, J. Chen, D. Chung, S. Harju-Baker, T. Ozpolat,
K.R. Fink, S.R. Riddell, D.G. Maloney, C.J. Turtle, Endothelial Activation and
Blood-Brain Barrier Disruption in Neurotoxicity after Adoptive
Immunotherapy with CD19 CAR-T Cells, Cancer Discov. 7 (2017) 1404–1419.

[266] S.L. Maude, T.W. Laetsch, J. Buechner, S. Rives, M. Boyer, H. Bittencourt, P.
Bader, M.R. Verneris, H.E. Stefanski, G.D. Myers, M. Qayed, B. De Moerloose, H.
Hiramatsu, K. Schlis, K.L. Davis, P.L. Martin, E.R. Nemecek, G.A. Yanik, C.
Peters, A. Baruchel, N. Boissel, F. Mechinaud, A. Balduzzi, J. Krueger, C.H. June,
B.L. Levine, P. Wood, T. Taran, M. Leung, K.T. Mueller, Y. Zhang, K. Sen, D.
Lebwohl, M.A. Pulsipher, S.A. Grupp, Tisagenlecleucel in Children and Young
Adults with B-Cell Lymphoblastic Leukemia, N. Engl. J. Med. 378 (2018) 439–
448.

[267] M. Klinger, G. Zugmaier, V. Nagele, M.E. Goebeler, C. Brandl, M. Stelljes, H.
Lassmann, A. von Stackelberg, R.C. Bargou, P. Kufer, Adhesion of T Cells to
Endothelial Cells Facilitates Blinatumomab-Associated Neurologic Adverse
Events, Cancer Res. 80 (2020) 91–101.

[268] J. Li, R. Piskol, R. Ybarra, Y.J. Chen, J. Li, D. Slaga, M. Hristopoulos, R. Clark, Z.
Modrusan, K. Totpal, M.R. Junttila, T.T. Junttila, CD3 bispecific antibody-
induced cytokine release is dispensable for cytotoxic T cell activity, Sci.
Transl. Med. 11 (2019).

[269] M.L. Grossbard, J.M. Lambert, V.S. Goldmacher, N.L. Spector, J. Kinsella, L.
Eliseo, F. Coral, J.A. Taylor, W.A. Blattler, C.L. Epstein, et al., Anti-B4-blocked
ricin: a phase I trial of 7-day continuous infusion in patients with B-cell
neoplasms, J. Clin. Oncol. 11 (1993) 726–737.

[270] C.B. Siegall, D. Liggitt, D. Chace, M.A. Tepper, H.P. Fell, Prevention of
immunotoxin-mediated vascular leak syndrome in rats with retention of
antitumor activity, Proc. Natl. Acad. Sci. USA 91 (1994) 9514–9518.

[271] B. Darvishi, L. Farahmand, N. Jalili, A.K. Majidzadeh, Probable Mechanisms
Involved in Immunotoxin Mediated Capillary Leak Syndrome (CLS) and

http://refhub.elsevier.com/S0169-409X(22)00070-9/h1140
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1140
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1145
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1145
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1150
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1150
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1150
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1150
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1155
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1155
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1155
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1160
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1160
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1160
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1160
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1165
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1165
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1165
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1165
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1170
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1170
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1170
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1175
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1175
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1175
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1180
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1180
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1180
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1185
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1185
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1185
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1190
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1190
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1190
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1195
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1195
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1195
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1200
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1200
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1200
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1200
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1205
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1205
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1205
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1205
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1210
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1210
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1210
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1215
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1215
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1215
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1215
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1215
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1215
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1215
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1215
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1220
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1220
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1220
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1225
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1225
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1225
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1230
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1230
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1230
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1230
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1230
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1235
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1235
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1235
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1235
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1235
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1240
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1240
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1240
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1240
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1245
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1245
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1245
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1245
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1245
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1250
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1250
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1250
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1250
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1250
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1255
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1255
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1255
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1260
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1260
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1260
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1260
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1265
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1265
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1265
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1265
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1270
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1270
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1270
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1270
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1275
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1275
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1275
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1275
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1275
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1275
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1275
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1280
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1280
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1280
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1280
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1280
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1285
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1285
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1285
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1290
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1290
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1290
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1290
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1295
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1295
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1300
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1300
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1300
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1300
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1300
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1305
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1305
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1305
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1305
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1310
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1310
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1310
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1310
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1315
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1315
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1320
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1320
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1320
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1320
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1320
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1325
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1325
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1325
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1325
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1325
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1330
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1330
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1330
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1330
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1330
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1330
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1330
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1330
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1335
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1335
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1335
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1335
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1340
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1340
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1340
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1340
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1345
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1345
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1345
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1345
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1350
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1350
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1350
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1355
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1355


J. Nong, P.M. Glassman and V.R. Muzykantov Advanced Drug Delivery Reviews 184 (2022) 114180
Recently Developed Countering Strategies, Curr. Mol. Med. 18 (2018) 335–
342.

[272] C.H. Villa, D.C. Pan, I.H. Johnston, C.F. Greineder, L.R. Walsh, E.D. Hood, D.B.
Cines, M. Poncz, D.L. Siegel, V.R. Muzykantov, Biocompatible coupling of
therapeutic fusion proteins to human erythrocytes, Blood Adv. 2 (2018) 165–
176.

[273] Y. Sun, S. Wang, L. Zhao, B. Zhang, H. Chen, IFN-gamma and TNF-alpha
aggravate endothelial damage caused by CD123-targeted CAR T cell, Onco
Targets Ther 12 (2019) 4907–4925.

[274] J. Liu, P.S. Ayyaswamy, D.M. Eckmann, R. Radhakrishnan, Modelling of
Binding Free Energy of Targeted Nanocarriers to Cell Surface, Heat Mass
Transf. 50 (2014) 315–321.

[275] J. Liu, N.J. Agrawal, A. Calderon, P.S. Ayyaswamy, D.M. Eckmann, R.
Radhakrishnan, Multivalent binding of nanocarrier to endothelial cells
under shear flow, Biophys. J. 101 (2011) 319–326.

[276] J. Liu, G.E. Weller, B. Zern, P.S. Ayyaswamy, D.M. Eckmann, V.R. Muzykantov,
R. Radhakrishnan, Computational model for nanocarrier binding to
endothelium validated using in vivo, in vitro, and atomic force microscopy
experiments, Proc. Natl. Acad. Sci. USA 107 (2010) 16530–16535.

[277] N. Ramakrishnan, R.W. Tourdot, D.M. Eckmann, P.S. Ayyaswamy, V.R.
Muzykantov, R. Radhakrishnan, Biophysically inspired model for
functionalized nanocarrier adhesion to cell surface: roles of protein
expression and mechanical factors, R. Soc. Open Sci. 3 (2016) 160260.

[278] R.Y. Kiseleva, P.G. Glassman, K.M. LeForte, L.R. Walsh, C.H. Villa, V.V. Shuvaev,
J.W. Myerson, P.A. Aprelev, O.A. Marcos-Contreras, V.R. Muzykantov, C.F.
Greineder, Bivalent engagement of endothelial surface antigens is critical to
prolonged surface targeting and protein delivery in vivo, FASEB J. 34 (2020)
11577–11593.

[279] C.M. Hendrickson, M.A. Matthay, Endothelial biomarkers in human sepsis:
pathogenesis and prognosis for ARDS, Pulm. Circ. 8 (2018)
2045894018769876.

[280] D. Vestweber, VE-cadherin: the major endothelial adhesion molecule
controlling cellular junctions and blood vessel formation, Arterioscler.
Thromb. Vasc. Biol. 28 (2008) 223–232.

[281] T. Miki, Y. Takegami, K. Okawa, T. Muraguchi, M. Noda, C. Takahashi, The
reversion-inducing cysteine-rich protein with Kazal motifs (RECK) interacts
with membrane type 1 matrix metalloproteinase and CD13/aminopeptidase
N and modulates their endocytic pathways, J. Biol. Chem. 282 (2007) 12341–
12352.
20
[282] D.G. Tang, C.A. Diglio, R. Bazaz, K.V. Honn, Transcriptional activation of
endothelial cell integrin alpha v by protein kinase C activator 12(S)-HETE, J.
Cell Sci. 108 (Pt 7) (1995) 2629–2644.

[283] H. Jiang, R.S. Peterson, W. Wang, E. Bartnik, C.B. Knudson, W. Knudson, A
requirement for the CD44 cytoplasmic domain for hyaluronan binding,
pericellular matrix assembly, and receptor-mediated endocytosis in COS-7
cells, J. Biol. Chem. 277 (2002) 10531–10538.

[284] C. Lozada, R.I. Levin, M. Huie, R. Hirschhorn, D. Naime, M. Whitlow, P.A. Recht,
B. Golden, B.N. Cronstein, Identification of C1q as the heat-labile serum
cofactor required for immune complexes to stimulate endothelial expression
of the adhesion molecules E-selectin and intercellular and vascular cell
adhesion molecules 1, Proc. Natl. Acad. Sci. USA 92 (1995) 8378–8382.

[285] E.A. Albrecht, A.M. Chinnaiyan, S. Varambally, C. Kumar-Sinha, T.R. Barrette, J.
V. Sarma, P.A. Ward, C5a-induced gene expression in human umbilical vein
endothelial cells, Am. J. Pathol. 164 (2004) 849–859.

[286] K.E. Foreman, A.A. Vaporciyan, B.K. Bonish, M.L. Jones, K.J. Johnson, M.M.
Glovsky, S.M. Eddy, P.A. Ward, C5a-induced expression of P-selectin in
endothelial cells, J. Clin. Invest. 94 (1994) 1147–1155.

[287] R. Hattori, K.K. Hamilton, R.P. McEver, P.J. Sims, Complement proteins C5b–9
induce secretion of high molecular weight multimers of endothelial von
Willebrand factor and translocation of granule membrane protein GMP-140
to the cell surface, J. Biol. Chem. 264 (1989) 9053–9060.

[288] F. Wu, Q. Zou, X. Ding, D. Shi, X. Zhu, W. Hu, L. Liu, H. Zhou, Complement
component C3a plays a critical role in endothelial activation and leukocyte
recruitment into the brain, J. Neuroinflammat. 13 (2016) 23.

[289] K.S. Kilgore, J.P. Shen, B.F. Miller, P.A. Ward, J.S. Warren, Enhancement by the
complement membrane attack complex of tumor necrosis factor-alpha-
induced endothelial cell expression of E-selectin and ICAM-1, J. Immunol. 155
(1995) 1434–1441.

[290] F. Tedesco, M. Pausa, E. Nardon, M. Introna, A. Mantovani, A. Dobrina, The
cytolytically inactive terminal complement complex activates endothelial
cells to express adhesion molecules and tissue factor procoagulant activity, J.
Exp. Med. 185 (1997) 1619–1627.

[291] A. Dobrina, M. Pausa, F. Fischetti, R. Bulla, E. Vecile, E. Ferrero, A. Mantovani,
F. Tedesco, Cytolytically inactive terminal complement complex causes
transendothelial migration of polymorphonuclear leukocytes in vitro and
in vivo, Blood 99 (2002) 185–192.

http://refhub.elsevier.com/S0169-409X(22)00070-9/h1355
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1355
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1360
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1360
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1360
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1360
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1365
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1365
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1365
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1370
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1370
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1370
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1375
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1375
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1375
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1380
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1380
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1380
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1380
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1385
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1385
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1385
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1385
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1390
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1390
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1390
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1390
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1390
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1400
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1400
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1400
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1405
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1405
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1405
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1405
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1405
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1410
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1410
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1410
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1415
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1415
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1415
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1415
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1420
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1420
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1420
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1420
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1420
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1425
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1425
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1425
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1430
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1430
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1430
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1435
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1435
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1435
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1435
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1440
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1440
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1440
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1445
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1445
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1445
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1445
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1450
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1450
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1450
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1450
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1455
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1455
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1455
http://refhub.elsevier.com/S0169-409X(22)00070-9/h1455

	Targeting vascular inflammation through emerging methods and drug carriers
	1 Introduction
	2 Vascular inflammation
	2.1 Blood flow
	2.2 Sensory, signaling and regulatory functions
	2.3 Transport and exchange
	2.4 Host defense and inflammation

	3 Pharmacokinetics of drug delivery systems
	4 Drug delivery system properties
	4.1 Size
	4.2 Shape
	4.3 Charge
	4.4 Hydrophobicity
	4.5 Ligand density
	4.6 Flexibility

	5 Target determinants
	5.1 Stable expression
	5.2 Target determinants decreased in pathological conditions
	5.3 Target determinants increased in pathological conditions

	6 Target accessibility
	6.1 Blood flow
	6.2 Impact of non-endothelial cells
	6.3 Role of complement proteins

	7 Pharmacologic strategies for treatment of vascular inflammation
	7.1 PECAM-1
	7.2 ICAM-1
	7.3 VCAM-1
	7.4 Selectins
	7.5 Integrins
	7.6 Transferrin receptor (TfR)
	7.7 PLVAP
	7.8 DDS bypassing affinity ligands

	8 Challenges and opportunities
	8.1 Effects of specific targeting to endothelium
	8.1.1 Epitope-specific targeting, dual targeting, CEPAL and target-specific effects

	8.2 Systemic drug-induced vascular damage
	8.2.1 Nanoparticles
	8.2.2 T-cell immunotherapy
	8.2.3 Immunotoxins

	8.3 Barriers to clinical translation

	9 Predictive tools
	9.1 In vitro approaches
	9.2 In silico approaches

	10 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	References


