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Abstract
Vascular drug targeting may improve therapies, yet a thorough understanding of the factors that
regulate effects of drugs directed to the endothelium is needed to translate this approach into the
clinical domain. To define factors modulating the efficacy and effects of endothelial targeting, we
used a model enzyme (glucose oxidase, GOX) coupled with monoclonal antibodies (anti-TM34 or
anti-TM201) to distinct epitopes of thrombomodulin, a surface determinant enriched in the pulmonary
endothelium. GOX delivery results in conversion of glucose and oxygen into H2O2 leading to lung
damage, a clear physiologic endpoint. Results of in vivo studies in mice showed that the efficiency
of cargo delivery and its effect are influenced by a number of factors including: 1) The level of
pulmonary uptake of the targeting antibody (anti-TM201 was more efficient than anti-TM34); 2) The
amount of an active drug delivered to the target; 3) The amount of target antigen on the endothelium
(animals with suppressed TM levels showed less targeting); and, 4) The substrate availability for the
enzyme cargo in the target tissue (hyperoxia augmented GOX-induced injury). Therefore, both
activity of the conjugates and biological factors control targeting and effects of enzymatic cargo.
Understanding the nature of such “modulating biological factors” will hopefully allow optimization
and ultimately applications of drug targeting for “individualized” pharmacotherapy.
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1. Introduction
Targeted drug delivery to the endothelium may help to improve treatment of diseases affecting
the vasculature [1–7]. Targeted drug delivery systems (DDSs) designed to achieve this goal
consist of affinity vectors (e.g., antibodies directed to endothelial surface determinants)
coupled either directly to pharmacological cargoes (e.g., therapeutic enzymes) or to drug-
loaded vehicles or carriers (e.g., liposomes or polymer nanocarriers) [8–14]. Endothelial
targeting of DDSs carrying reporter probes, enzymes, other drugs, genes and/or drug
nanocarriers has been achieved in a number of animal species and even in a few “proof of
principal” human studies (reviewed in [1,8]). However, before this approach can move into
the clinical domain, a more thorough understanding of the factors that regulate the effects of
drugs targeted to endothelium is needed.

Endothelial targeting and effects of DDSs carrying cargo enzymes are regulated by a complex
network of factors, some of which are schematized in Figure 1. Features of the target endothelial
bed (“Target determinant properties” such as tissue specificity, surface density and
accessibility of the target epitope) and elements of the specific drug delivery system design
(such as the affinity and valence of the antibody and the size, charge and stealth features of the
conjugate) combine to control delivery parameters such as the pharmacokinetics, clearance
and targeting of the conjugate, and the ultimate subcellular localization of the cargo within the
endothelial cell [8]. Even after successful delivery, the amplitude and duration of the outcome
effects of targeting will be affected by the activity and stability of DDS-loaded cargo enzyme
and biological factors within the target that regulate rate of supply of enzymatic substrate and
tissue sensitivity to products of enzymatic activity. A better understanding of this complex
matrix will be needed to optimize targeted drug delivery to the endothelium.

This study will present experiments that begin to define some of the biological factors and
elements of DDS design that regulate the targeting and effects of an enzymatic cargo in the
pulmonary vasculature, an important target for pharmacological interventions [1,3,15,16]. To
achieve this goal, we utilized an enzyme (glucose oxidase, GOX, that generates H2O2 from
O2 and glucose) as a model cargo coupled with well-characterized antibodies to an endothelial
determinant enriched in the lungs, thrombomodulin (TM) [17]. We have previously showed
that anti-TM/GOX conjugates accumulate in the lungs after IV injection and within a few hours
cause local effects manifested by pulmonary edema due to vascular oxidative injury induced
by H2O2 [18,19].

In this study, we used two different monoclonal antibodies to TM: mAb anti-TM34-211 (anti-
TM34) and anti-TM201-411 (anti-TM201), which are directed to distinct TM epitopes and have
different affinities for TM [20]. We conjugated GOX to anti-TM mAbs via either a streptavidin
cross-linker to produce anti-TM/GOX conjugates (~300 nm diameter), or by coating GOX and
anti-TM to the surface of polystyrene beads to produce anti-TM/bead/GOX formulations (~200
nm diameter). We then utilized these conjugates to evaluate the effects of: i) the binding
features of antibodies and design of DDS (Fig. 1, Blocks I and II); ii) the importance of the
level of expression of the target determinant (Fig.1, Block 1, B); and iii) the tissue supply of
GOX substrate, O2 (Fig.1, Block V, A).
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2. Materials and Methods
2.1. Reagents

The following materials were used in the study: dimethyl formamide (DMF), rat IgG, glucose
oxidase (GOX) from Aspergillus niger, protease inhibitor cocktail from Sigma (St. Louis, MO);
streptavidin (SA) from Streptomyces avidinii from Calbiochem (San Diego, CA); 2-(4’-
hydroxyazobenzene) benzoic acid (HABA), succinimidyl-6-(biotinamido) hexanoate (NHS-
LC-Biotin), avidin, and iodination reagent IODO-beads form Pierce (Rockford, IL);
polystyrene-latex beads 100 nm microspheres from Polysciences (Warrington, PA).
Monoclonal antibodies mAb anti-TM34-211 (anti-TM34) and anti-TM201-411 (anti-TM201)
are rat antibodies against murine TM, described previously [20–22]. A monoclonal antibody
raised in rats against human creatine kinase was used as control IgG (ATCC hybridoma,
CKMM 14.15, Manassas, VA).

2.2. Conjugation of glucose oxidase to anti-TM and polymer beads
Immunoglobulins and GOX were modified by a biotinylating reagent, NHS-LC-Biotin, to
produce biotinylated derivatives as described previously [23]. Protein concentration was
determined by BioRad protein assay (Bio-Rad, Hercules, CA). The level of biotinylation was
measured by HABA assay (Pierce, Rockford, IL) in accordance with manufacturer’s
recommendations. To trace targeting, GOX was labeled with 125Iodine using Iodogen-coated
tubes. Protein iodination was performed using the iodination reagent IODO-beads (Pierce,
Rockford, IL) in accordance with manufacturer’s recommendations. Streptavidin cross-linker
was used to produce b-anti-TM/SA/b-GOX or b-IgG/SA/b-GOX, as described in details in
previous publications [19,22,24,25]. These conjugates are indicated as anti-TM34/GOX, anti-
TM201/GOX or IgG/GOX in the text. In an alternative method, GOX and targeting anti-TM
were co-immobilized on the surface of 100 nm diameter polystyrene beads, to produce anti-
TM/bead/GOX with final size ~200 nm in diameter, as described [26].

Solid poly(lactic-co-glycolic acid) PLGA nanoparticles were prepared by a modified single
emulsion technique, as described before [27]. Similar to solvent extraction of microsphere
particle preparations reviewed by Freitas et al. [28] and other nanoparticle formulations [29]
this nanoprecipitation method involves dissolving PLGA in a water miscible solvent, such as
acetone, and addition to a stabilizing surfactant solution. Briefly, a 1 ml solution of 25 mg/ml
PLGA in acetone was added dropwise to 6ml of F68 pluronic surfactant under vortexing.
Residual acetone was dialyzed against water overnight at 4°C. Nanoparticles were collected
by centrifugation at 25,000 g for 30min. This washing step was repeated twice in PBS to remove
residual surfactant, and the final particle prep was resuspended and sonicated to break up
aggregates. GOX was immobilized on PLGA nanoparticles by the same method used for
polystyrene beads.

Enzymatic activity of GOX was measured using an Amplex Red Glucose/Glucose Oxidase
Assay Kit (Molecular probe, Eugene, OR).

2.3. Evaluation of anti-TM/GOX conjugate size
In order to minimize confounding effects of size of the conjugates, experiments described in
this paper have been performed with GOX conjugates having a mean diameter of 300±20 nm.
The size of the conjugates was determined by Dynamic Light Scattering (DLS) using a 90Plus
Particle Sizer (Brookhaven Instruments Corp., NY), as described elsewhere [30]. The average
particle size was calculated by means of the Stokes-Einstein equation from the diffusion
coefficient obtained from a second order cumulative fit to the data. By varying the extent of
GOX and anti-TM biotinylation and fine-tuning molar ratios between biotinylated proteins
(GOX and antibody) and streptavidin, we produced a series of the conjugates ranging from 50
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up to 10,000 nm diameters. GOX and anti-TM were kept at 1:1 molar ratio. Our previous data
showed that 300 nm conjugates are optimal for the specific antigen-mediated targeting of the
conjugates to pulmonary endothelium, but precludes a non-specific mechanical uptake in the
capillaries [30].

2.4. Evaluation of the pulmonary targeting of the conjugates in intact mice
All animal procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Pennsylvania. Normal C57BL/6 mice (Charles River, NJ) were
injected with ~1 μg (~100,000 cpm) of anti-TM/125I-GOX or IgG/125I-GOX in 100 μl saline
via tail vein. One hour later, animals were sacrificed; the internal organs were dissected, washed
with saline, blotted dry and weighed. Tissue radioactivity in blood and organs was determined
in a γ-counter (Wallac-LKB). The results of [125I] measurements in the organs were used to
calculate the % of injected dose per gram of tissue (%ID/g).

2.5. Injection of anti-TM/GOX conjugates and characterization of the lung injury
To test effects caused by anti-TM/GOX in mice, we injected 5–50 μg of the immune or non-
immune conjugates in anesthetized C57BL/6 mice (Charles River, NJ) intravenously (IV) via
tail vein in injection volumes not exceeding 150 μl. Unless specified otherwise, the dose of
injected GOX was expressed as μg per gram of mouse body weight. Animals were sacrificed
at time-points ranging from 1–24 hours post injection. The lungs were harvested and allocated
for histopathology and immunostaining, measurements of biochemical parameters in lung
homogenates, wet-to-dry weight ratio and bronchoalveolar lavage (BAL) to test BAL fluid
protein concentration. For histopathological studies, the lungs were instilled prior to removal
from the animal with 0.75 ml of buffered formalin through a 20-gauge angiocatheter placed in
the trachea, immersed in buffered formalin overnight, and then processed for conventional
paraffin histology. Sections were stained with hematoxylin and eosin, and examined by light
microscopy.

2.6. Evaluation of the protein level in bronchoalveolar lavage fluid (BAL fluid)
BAL was performed by exposing and cannulating the trachea with a 20-gauge angiocatheter
(Becton Dickinson; Sandy, UT) and then lavaging three times with 0.5 ml phosphate-buffered
saline (PBS) containing a protease inhibitor cocktail (Sigma) at 10 μl per ml. Recovery of
infused fluid was >90%. The lavage fluid was spun at 2000 rpm for 3–4 minutes; the
supernatant was collected, aliquoted, and frozen at −70°C. Protein concentrations were later
measured in the thawed supernatant of the BAL fluid using a standard BCA assay (Pierce
Chemicals; Rockford, IL).

2.7. Western blot analysis of thrombomodulin and GOX in lung tissue
Frozen lungs harvested from control mice or animals injected with conjugates (4 h post
injection, lungs perfused with buffer prior to harvesting) were homogenized for 1 min with an
electric TissueMiser System (Fisher Sci.) in the presence of 400 μl of lysis buffer (0.5% SDS,
0.5% NP40, supplemented with protease inhibitor cocktail) and centrifuged at 4000 rpm
(Eppendorf centrifuge) for 10 min at 4ºC. Protein concentrations in the supernatants were
measured by BCA assay (Pierce Chemicals; Rockford, IL). Supernatants of lung homogenate
were mixed with sample buffer for SDS-PAGE. Samples (10 μg of protein/well) were subjected
to 10% SDS-PAGE according to [31]. Gels were transferred to polyvinylidene fluoride (PVDF)
membrane (Millipore) using a semi-dry transfer unit (Amersham Pharmacia Biotech). After
protein transfer, the PVDF membrane was blocked with 10% nonfat dry milk in Tris-buffered
saline, (100 mM Tris (pH 7.5), 150 mM NaCl, 0.1 % Tween 20; TBST) for 1 h and the
membrane was treated with primary antibody for overnight (4°C) and corresponding
horseradish peroxidase-labeled secondary antibody for 1 h. The blot was washed three times

Shuvaev et al. Page 4

J Control Release. Author manuscript; available in PMC 2008 April 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with TBST and bound horseradish peroxidase was detected using ECL Plus reagents
(Amersham Pharmacia Biotech). Thrombomodulin was detected using goat polyclonal anti-
TM antibody (M-17, Santa Cruz, CA) followed by reaction with horseradish peroxidase-
conjugated donkey anti-goat antibody (Santa Cruz, CA). GOX was detected through its biotin
moiety by horseradish peroxidase-conjugated streptavidin (Calbiochem) and actin was
estimated using horseradish peroxidase-conjugated anti-actin antibody (I-19, Santa Cruz, CA).

2.8. Hyperoxia exposures
Mice were kept for the duration of the study in cages containing food and water ad libidum
placed inside a hyperoxic chamber with a continuous flow of O2 at 10 L/min, yielding O2
concentrations of 80%–100% as determined by an oxygen analyzer (model 600-ESD; Newark,
DE) and described in [32,33].

2.9. Statistical analysis
Statistical differences among groups was determined using one-way analysis of variance
(ANOVA). When statistically significant differences were found (p<0.05) individual
comparisons were made using the Bonferoni/Dunn test (Statview 4.0).

3. Results
3.1. Binding features of the antibodies control amplitude of pulmonary targeting of anti-TM/
GOX

Our first goal was to quantify the amplitude of pulmonary targeting achieved 60 min after IV
injection of each 125I-labeled anti-TM or each conjugate carrying tracer amounts (~1 μg/
mouse) of 125I-GOX. The control IgG, IgG/GOX and IgG/bead/GOX formulations that were
used to account for non-specific uptake in the pulmonary vasculature showed no appreciable
pulmonary uptake, i.e., lung-to-blood ratio <1 (Fig. 2). In contrast, both anti-TM antibodies
showed strong pulmonary targeting with lung-to-blood ratios approaching ~75 for the best
formulations (Fig. 2A). Despite effective targeting of either of the antibodies alone, targeting
of the conjugates with the TM34 antibody were far inferior to the targeting of conjugates made
with the TM201 antibody. Thus, anti-TM201/125I-GOX and anti-TM201/bead/125I-GOX
showed pulmonary uptake that were an order of magnitude higher than the anti-TM34/125I-
GOX and anti-TM34/bead/GOX (Fig. 2B and 2C) and achieved 349±27 %ID/g for the best
formulation, namely, anti-TM201/bead/125I-GOX. These experiments show that features of
the targeting antibody, i.e., affinity and the epitope location, are critical to the efficiency of
delivery.

3.2. Targeting effectiveness and enzyme activity control anti-TM/GOX effect
To determine if this difference in the targeting of enzymes by the different antibodies predicted
functional efficacy, we analyzed BAL protein levels (as a reflection of pulmonary edema) (Fig.
3A) and assessed lung histopathology using H&E staining of tissue sections (Fig. 3B).

Consistent with more effective targeting, anti-TM201/GOX caused markedly more severe lung
injury vs anti-TM34/GOX at doses ranging from 0.75 μg/g to 1.5 μg/g, manifested by edema
(Fig. 3A), leukocyte infiltrate and alveolar damage (Fig. 3B). Of note, at an intermediate dose,
anti-TM201/GOX caused ~5-fold higher elevation of BAL protein level vs anti-TM34/GOX
(Fig. 3A), which correlates well with the targeting difference of these conjugates (Fig. 2B).
The IgG/GOX conjugate that showed no pulmonary targeting did not induce noticeable injury,
even at a dose of ~2 μg/g (Fig. 3A, checkered bar on the right). This control confirms that the
effect of anti-TM/GOX was due to specific endothelial targeting.
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On the other hand, local effect of the targeted enzyme depends on its functional activity.
Analysis of the enzymatic activity of GOX formulations showed that biotinylation caused a
modest (<20%) reduction in GOX activity due to modification of lysine residues (Fig. 3C).
Subsequent conjugation via streptavidin with either anti-TM201 or anti-TM34 led to additional
loss of a similar fraction of GOX activity (20-25% for both conjugates), perhaps due to blocking
of GOX by other components of the conjugates. Therefore, both anti-TM/GOX conjugates
retained ~60% of GOX activity and comparison of their effect in vivo reflected rather
differences in targeting and not in the injected activity of GOX.

In contrast, absorption to polystyrene beads caused a 96% GOX inactivation (Fig. 3C). The
loss of enzyme activity explains why anti-TM201/bead/GOX, which displayed the superior
targeting features (Fig.2C), caused only marginal lung injury even at the dose of 2 μg/g (Fig.
3A: the far right open bar shows “effect” of anti-TM201/bead/GOX). This unexpected outcome
precluded use of this formulation for further functional studies.

Interestingly, coupling of GOX to nanoparticles of similar size based on PLGA, a
biocompatible copolymer used for drug delivery purposes [34–36], did not lead to such an
overt inactivation (Fig. 3C). It is likely that coupling to a less hydrophobic surface does not
inflict as strong denaturing effect on the enzyme. Nevertheless, radioactivity tracing showed
that the total amount of GOX that can be loaded on PLGA nanocarriers was 5–7 times lower
vs polystyrene counterpart (Fig.3C, inset). Therefore, in terms of total amount of loaded
enzymatic activity, PLGA nanocarriers were also suboptimal for delivery of effective doses of
GOX. Thus, in the subsequent studies we focused on streptavidin anti-TM/GOX conjugates.

3.3. Level of oxygen supply modulates the effects of anti-TM/GOX
To test the role of the substrate supply in the effect of targeted GOX, we exposed mice to
various levels of O2, the substrate necessary for the enzymatic production of H2O2 by GOX.
Five minutes after anti-TM/GOX injection, mice were placed in a chamber with regulated
inflow of O2. Importantly, short-term (<20 hours) exposure to elevated level of oxygen
(hyperoxia, i.e., O2 level >80%) does not produce detectable pathological changes in animals,
whereas prolonged (i.e., several days) hyperoxia causes oxidative stress and lung damage in
animals [32] and human patients [37].

However, a short-term hyperoxia, innocuous by itself, markedly augmented the injurious effect
of anti-TM/GOX (Fig. 4). For example, at 80% O2, lethal lung injury developed within 4 hours
after injection of doses of anti-TM34/GOX, a dose that inflicted marginal injury at room air
(Fig. 4A). In contrast, hypoxia (10% O2) significantly reduced the BAL protein level in anti-
TM/GOX-treated animals to levels similar to basal amounts seen in naïve control mice (Fig.
4B). This is likely due to the fact that insufficient substrate supply diminishes H2O2 production
by GOX. Aggravation of anti-TM/GOX injury by hyperoxia was manifested by elevated level
of: i) BAL protein (Fig. 4A-D); ii) tissue injury revealed by histopathology evaluation and
immunostaining for nitrotyrosine, a marker of oxidative nitrosylation (Fig. 4A, inset); and, iii)
accumulation of the products of lipid peroxidation in the lung tissue (Fig. 4B, inset).

To test the effect of duration of hyperoxia exposure, we used moderate doses of anti-TM34/
GOX, in order to avoid the acute mortality observed at higher anti-TM/GOX doses in hyperoxia
(Fig. 4C). This kinetic study revealed that: i) the maximal extent of lung edema was fully
developed by 4 hours at both hyperoxic and room air conditions; and, ii) a more prolonged
(24–72 h) hyperoxia exposure did not inflict more profound injury (Fig. 4C).

The effect of hyperoxia was observed with both anti-TM34/GOX and anti-TM201/GOX
conjugates. However, consistent with targeting differences (Fig. 2B), anti-TM201/GOX was
more potent vs anti-TM34/GOX in hyperoxia (Fig. 4D). Interestingly, at high doses, control
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IgG/GOX induced some detectable injury in hyperoxia, although much smaller than that
produced by anti-TM/GOX. This, targeting-independent, effect was likely due to O2-mediated
stimulation of H2O2 production by GOX circulating in the bloodstream.

3.4. Thrombomodulin level in lungs controls the targeting and effect of anti-TM/GOX
After performing ~50 independent experiments, we noticed in several series that some mice
were more resistant to anti-TM/GOX injury vs the majority of animals within the group. We
hypothesized that these fluctuations might reflect, among other factors, individual variability
in targeting of the conjugates and/or sensitivity to oxidative stress.

Of note in this context, the endothelial level of TM expression is somewhat labile and is
sensitive to diverse factors including cytokines, thrombosis, infections, inflammation and
oxidative stress, which all suppress TM expression and stimulate its disappearance from
endothelial cells [38]. Figure 5 illustrates this point, showing that pulmonary oxidative stress
induced by prolonged hyperoxia reduces the TM level determined by Western-blotting in the
lung homogenate (Fig. 5A) and pulmonary uptake of 125I-labeled anti-TM (Fig. 5B). After 48
h hyperoxia, 125I-anti-TM lung-to-blood ratio was reduced ~5-fold vs control (Fig. 5C),
consistent with ~5-fold reduction of TM content in the lungs (Fig. 5A). Reduction of pulmonary
TM level and suppression of targeting were clear at 48 h hyperoxia, prior to animal morbidity
and overt pathological changes in the lung tissue that usually manifest by 72 h of hyperoxia
[32]. Based on this data, we posited that some animals utilized in our anti-TM/GOX studies
may have low TM levels in the lungs, due to undetected and uncontrolled variations in their
health.

We therefore used Western blotting (Fig. 6A) to correlate levels of TM and targeted GOX in
the tissue homogenates of lungs obtained from mice that displayed a wide range of variability
of injury induced by anti-TM34/GOX in several series and found that: i) TM levels in the lungs
of “naïve” mice do vary substantially (Fig. 6A); ii) mice with low endogenous level of TM in
the lungs showed proportionally lower targeting of anti-TM/GOX (Fig. 6A,B); iii) this, in turn
resulted in a lower extent of lung injury induced by injected anti-TM/GOX (Fig. 6C). Therefore,
these interrelationships between TM expression, anti-TM/GOX targeting and effects of anti-
TM/GOX help to explain the individual variability in lung injury.

4. Discussion
As targeted drug delivery using antibody conjugates moves beyond the “proof of principle”
stage, it is becoming increasingly important to more completely understand the factors that can
influence the ultimate therapeutic outcome of this approach. However, as shown in Figure 1,
a systematic analysis of multitude of variables including elements of DDS design and biological
factors controlling its behavior in vivo is a daunting task (Fig.1).

In order to begin to examine some of the factors affecting this sort of drug delivery in a feasible
way, we decided to focus on a one specific model system: delivery of the enzyme glucose
oxidase (GOX) to the pulmonary circulation using antibodies to the endothelial surface antigen
thrombomodulin (TM). We chose the pulmonary vasculature since the lungs contain ~30% of
total endothelial surface in the body and, unlike other organs, receive the entire cardiac output
of venous blood; hence DDSs targeted to endothelial cells accumulate in lungs [1,3,19,22,
39]. In addition, pulmonary endothelium is enriched in some determinant, including
thrombomodulin [1,23,40–45]. Previous work showed that anti-TM/GOX targeting to the
pulmonary endothelium results in rapid and easily measurable tissue damage due to the
production of hydrogen peroxide from the ubiquitous substrates oxygen and glucose [18].
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We first asked questions related to the characteristics of the antibodies and conjugates (Block
2, Figure 1). We have previously shown that the behavior and effects of antibody conjugates
can be markedly different if they are directed against different endothelial antigens. For
example, GOX targeting to platelet-endothelial adhesion molecule-1 (PECAM-1) vs TM
causes distinct forms of pulmonary oxidative stress, since inhibition of these determinants
causes different “side” effects: anti-TM/GOX injury is accompanied by thrombosis due to TM
inhibition [18]. We have also shown that the size of the conjugates markedly affects the ability
of the complex to target to the lungs [30].

In this study, we took advantage of two anti-TM monoclonal antibodies, mAbs anti-TM201
and anti-TM34 that non-competitively bind to distinct epitopes on murine TM [17,43]. We
tested distribution of the radiolabeled TM antibodies and GOX conjugates one hour after IV
injection. Previous studies of immunotargeting of radiolabeled conjugates directed to highly
accessible endothelial determinants such as TM, angiotensin-converting enzyme (ACE),
PECAM-1, intercellular adhesion molecule 1 (ICAM-1) and GP90 showed that their maximum
uptake in the lungs occurs within 15-30 min, followed by a short 15–30 min stable period and
subsequent reduction of the pulmonary level observed at times more than one hour after IV
injection [22,25,27,46–52]. Therefore, the kinetics of lung edema development showing a
maximum 4 hour after injection of a lower dose of the conjugate selected to avoid overt early
lethality (Fig.4C) is not due to delayed accumulation of GOX in the lungs. Most likely, lag
between peak anti-TM/GOX targeting and manifestation of its effect reveals the time interval
that is necessary to generate sufficiently toxic amount of H2O2 in the pulmonary vasculature
and cause the oxidative stress that takes a few hours to develop into vascular edema. Consistent
with the fact that endothelium degrades delivered conjugates within a few hours [46,49,53], a
more prolonged hyperoxia did not aggravate further the injury: enhanced supply of the substrate
makes no difference when the targeted enzyme is gone.

Side-by-side comparison of anti-TM201 vs anti-TM34 and their conjugates showed that despite
relatively comparable targeting of the unconjugated antibodies (Fig. 2A), one antibody (anti-
TM201) performed markedly better than the other antibody (anti-TM34) when they served as
affinity moieties of optimally-sized conjugates (Fig. 2B and 2C). The reasons for this marked
difference are not entirely clear. Electron microscopy showed that anti-TM34 vs anti-TM201
preferentially binds to endothelial cells in thin vs thick alveolar walls, respectively [20]. In
vitro studies showed that anti-TM201 has higher affinity to TM in endothelial cells, but lesser
number of apparent binding sites in endothelial cells vs anti-TM34 (KD approx 0.06 vs 0.56
nM and Bmax approx 45 vs 150 fmoles, respectively). The higher affinity of anti-TM201, as
well as high susceptibility of mAb anti-TM34 to chemical modification [S. Kennel, unpublished
data] may help to explain the higher efficiency of targeting of anti-TM201 vs anti-TM34 and
their derivatives (Fig.2). The targeting effectiveness of anti-TM/GOX formulations (Fig.2B)
correlated with their potency (Fig.3A). These studies indicate however, that the “rules” for
choosing an optimally binding antibody to a specific epitope in a conjugate are not yet fully
understood and still require empiric testing.

Once an optimal antibody is chosen, our data also show that variations in the drug delivery
system (e.g., protein conjugates vs polymer carrier-based formulations) that include differences
in structure, size, and activity of ingredients, may also affect delivery and effect of a cargo.
For example, comparisons of protein anti-TM/GOX conjugates vs polymer nanospheres coated
with the same anti-TM antibody and the same cargo (GOX) illustrate this point: anti-TM201/
bead/GOX showed the highest pulmonary targeting, double that of anti-TM201/GOX
streptavidin protein conjugates. This result may be explained by the fact that only a fraction
of anti-TM is exposed on the surface of protein conjugates, while virtually all the anti-TM
molecules are immobilized on the bead surface [24]. The multivalent nature of binding to

Shuvaev et al. Page 8

J Control Release. Author manuscript; available in PMC 2008 April 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



endothelial TM likely explains more effective targeting of conjugate and bead formulations of
anti-TM201 (Fig. 2B,C) vs naked antibodies (Fig.2A).

We were also able to address questions related to the role of supply of an enzyme substrate in
the target organ, taking advantage of the need for oxygen in the activity of glucose oxidase.
Indeed, the substrate availability modulates local activity of targeted enzymes. This may be of
importance in the future use of other oxygen-utilizing enzymes, e.g., prospective therapeutic
enzyme nitric oxide synthase [54] or other non-enzymatic drugs, including some antibiotics
and detoxifying agents utilizing oxygen as a co-factor. However, this principle will need to be
kept in mind for any therapeutic enzyme.

Although effective binding to the target cells is necessary, it is not always sufficient to achieve
the goal of targeting, i.e., attaining local effect of a cargo. A trivial example of this principal
is shown in Figure 3, where the inadvertent inactivation of GOX absorbed on the surface of
polymer nanocarriers led to a complete loss of tissue effects. Much more difficult to predict
are other biologic variables that may alter the ultimate effect of the delivered drug. One such
variable is the density of the antigen on the target organ. As shown in Figure 6, poorly
understood variations in the expression levels of TM on the pulmonary vasculature of mice led
to marked variations in the efficacy of the TM/GOX conjugate. These studies point out the
importance of testing drug delivery in disease models similar to those being targeted and not
only in unperturbed “normal” animals.

Factors underlying individual variability will likely be of even greater importance in the
therapeutic and adverse effects of pharmacotherapy in humans. Because patients respond
variably to drugs, in terms of both therapeutic and adverse effects, it is important to develop
strategies that could optimize the selection and dosing of pharmacological agents for a given
individual. These challenges actually exist for almost all drugs, however drug targeting has the
great advantage that many of these issues can be specifically localized, addressed and
optimized. This study has begun this process by showing how targeting and effects of
pharmacological cargoes are controlled by systemic and local biological factors such as the
specific antibody used, substrate availability, variations in target antigen availability, and
biologic differences in response to the same drug. A better of understanding of these variables
will inevitably lead to improvements in future drug delivery systems design.
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Fig. 1.
Drug delivery systems (DDS) for endothelial targeting of therapeutic enzymes. This schematic
flowchart illustrates parameters that control targeting and effects of an enzyme cargo. Thus,
DDS circulation is controlled by its size and charge. Targeting is controlled by features of a
target determinant and DDS affinity. Sub-cellular localization of a drug is controlled by features
of the selected target determinant, valence and size of DDS. These factors and biological
features of the target tissue (Block V) modulate the outcome effects of targeted enzymes.
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Fig. 2.
Targeting of anti-TM/GOX formulations to pulmonary vasculature after intravenous injection
in mice. Tissue levels of 125Iodine 1 hour after IV injection of radiolabeled monoclonal
antibodies and their formulations. Hatch bars: anti-TM34, gray bars: anti-TM201, black bars:
irrelevant control IgG. Tissue distribution is shown as percent of injected dose per gram of
tissue (%ID/g) of: 125I-labeled anti-TM (A); anti-TM conjugated with 125I-GOX via
streptavidin-biotin cross-linking (B); and anti-TM-coated beads co-coated with 125I-GOX (C).
Unless specified otherwise, in this and subsequent figures the data are shown as mean ± SEM,
n ≥ 3.
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Fig. 3.
Delivery efficacy and enzymatic activity of anti-TM/GOX formulations control their effect in
the target tissue manifested in vivo by edematous lung injury. Panel A: protein level in the
BAL fluid reflecting alveolar edema caused by oxidative stress by H2O2 produced by GOX
were determined 4 hours after injection of indicated doses of anti-TM34/GOX (black bars) or
anti-TM201/GOX (gray bars). Right bars show effects of 2.0 μg/kg control IgG/GOX
(checkered bar) or anti-TM201/bead/GOX (open bar). Asterisk: difference vs adjacent bar and
background level of BAL protein in naïve mice (indicated by dash line) is significant at p<0.05.
Panel B: pathological alterations in the lung tissue sections 4 hours after injection of 1.5 μg/
kg of indicated preparations. Note accumulation of leukocytes and protein-rich edematous
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liquid in the alveoli depicted by asterisks. Panel C. Effect of biotinylation, conjugation and
coating to polystyrene and PLGA nanoparticles on GOX activity. Inset: loading of radiolabeled
GOX in polystyrene and PLGA nanoparticles: (1), 100 nm latex NC; (2), 200 nm latex NC;
(3), 200 nm PLGA NC.
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Fig. 4.
Level of oxygen modulates effect of anti-TM/GOX in accumulated in mouse pulmonary
vasculature. Panel A. Alveolar edema detected 4 hours after injection of anti-TM34/GOX at
room air (closed circles) vs 80% O2 (open circles). Inset shows immunostaining for a marker
of oxidative injury, nitrotyrosine, in lungs exposed to room air (left) vs hyperoxia (right). Panel
B. Extent of lung injury 4 hours after injection of 1.25 μg/g of anti-TM34/GOX is proportional
to rate of oxygen supply. Asterisk: difference of hypoxia or hyperoxia vs room air is significant
at p<0.05. Inset: hyperoxia augments level of a marker of lipid peroxidation, iPF2α isoprostane
in the lung homogenates. Panel C. Kinetics of lung injury after the injection of 1.25 μg/g of
anti-TM34/GOX at room (closed circles) air vs 80% O2 (open circles). Panel D. Alveolar edema
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4 hours after injection of indicated doses of control non-targeted IgG/GOX (diamonds) vs anti-
TM34/GOX (open circles) or anti-TM201/GOX (closed circles) conjugates at 80% O2.
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Fig. 5.
Pathophysiological factors (oxidative stress induced by prolonged hyperoxia) modulate
pulmonary TM expression and targeting of anti-TM. Panel A: Western-blotting of TM
expression in the lung tissue homogenates in mice exposed to hyperoxia for 0, 24 or 48 hours.
Panel B: Pulmonary uptake of 125I-anti-TM 1 hour after injection in mice exposed for 48 hours
to room air (black bars) or hyperoxia (light bars). Panel C: data shown in the panel B represented
as organ-to-blood ratio, which accounts for differences in blood level of circulating
radiolabeled antibody.
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Fig. 6.
Anti-TM/GOX pulmonary targeting and effect correlate with level of TM expression. Panel
A: Western blotting analysis of lung TM and GOX four hours after anti-TM/GOX injection.
Panels B and C: correlations of lung TM level vs GOX delivery (B) and GOX delivery vs lung
injury (C).
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