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Targeting of Drugs to ICAM-1 for Treatment of Acute Lung Injury 

A. Introduction. The main goals of the project are to explore, test, optimize and prepare 
translation into the clinical domain of a new therapeutic strategy for a more effective 
containment of the Acute Lung Injury (ALI/ARDS). Both oxidative and thrombotic stresses 
in the pulmonary vasculature are important pathological factors in the development of 
ALI/ARDS. The proposed strategy is based on the concept that targeted delivery of 
antioxidant drugs (e.g., antioxidant enzymes, AOE) and anti-thrombotic drugs (e.g., 
plasminogen activators, PA) to the endothelial cells lining the luminal surface of blood 
vessels in the lungs would permit more effective and specific therapeutic interventions into 
developing or ongoing ALI/ARDS. Our results of the first year of grant and related studies in 
the lab indicate that conjugation of AOE and PA with antibodies to surface endothelial 
determinants functionally involved in ALI/ARDS, Ig-superfamily Cell Adhesion Molecules 
ICAM-1 and PECAM-1 (CAMs), can provide such a targeting. In agreement with revised 
Statement of Work, in the second year we worked on the Specific Aims 1-4, with focus on 
targeting of diverse AOE (SOD and 1-cysPrx) and novel PA derivatives. 

We completed the Specific Aims 1, focusing on characterization of sub-cellular destination 
of anti-CAM conjugates in endothelial cells. Our main goal was to identify intracellular fate 
of conjugates internalized via CAM-mediated endocytosis, a novel pathway discovered in 
the first year of the project. Data shown in Section B1 indicate that conjugates are slowly 
delivered to lysosomes and that auxiliary drugs can be employed in order to decelerate 
lysosomal traffic and degradation and thus extend therapeutic window of conjugates. 

We practically completed a new Specific Aim 2, which focuses on detailed characterization 
of animal models of ALI developed in this grant and proposed as test models for estimation 
of protective effects of our drug delivery systems. By itself, development of adequate and 
reliable animal models of human ALI syndrome, especially in mice (the species most useful 
for genetic manipulations) is an important goal in fighting ALI. Characterization of dynamics 
of cell adhesion molecules and leukocytes in O2 and GOX-mediated pulmonary oxidant 
stress (Section B2) provides important, not predictable insights into pathology of these 
models. Further, development of an original double-hit model of ALI based on combined 
treatment with GOX and hyperoxia provides a moderate, reproducible, acute oxidant lung 
injury in mice, an ideal model for testing protective effects of anti-CAM/AOE conjugates. 

Our next goal is to develop means for targeted delivery of diverse AOE to endothelial 
CAMs (Specific Aim 3). Studies in vitro, cell cultures and in animals indicate that SOD can 
be targeted to endothelial cells and to the pulmonary vasculature and show that SOD 
conjugate decompose superoxide that promises to alleviate oxidant stress (Section B3). 
Intracellular delivery of active 1-cysPrx was also achieved. These results provide a solid 
basis for pursuing the rest of experiments projected for the Specific Aim 3 (including 
protection evaluation in animal models characterized in the Specific Aim 2) in the third year. 

We initiated experiments in the Specific Aim 4, focused on targeting of plasminogen 
activators to endothelial surface. In order to select the optimal drug for this purpose, we 
compared several currently available genetic derivatives of plasminogen activators. Our 
data indicate that in the next year we should concentrate on conjugating Tenektase, as well 
as urokinase derivatives (Section B4). We also designed a carrier for targeting fibrinolytics 
to endothelial surface, anti-CAM single chain Fv (scFv). The rest of experiments projected 
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for Specific Aim 4 will be pursued in the third and fifth year, while the Specific Aim 5 (testing 
of combined targeting of antioxidants and fibrinolytics) will be pursued in the forth year. 

B. Body of the Report (references to our papers included in appendix are in bold Italics). 

B.1.Characterization of sub-cellular destination of CAM-targeted conjugates and 
search for auxiliary pharmacological agents to prolong effects of intracellularly 
delivered anti-CAM/AOE. Results shown in the first annual report and our recent paper 
(Muro et al, J.Cell Sci., 2003) clearly demonstrated that endothelial cells (EC) internalize 
multimeric conjugates directed against CAM (either ICAM-1 or PECAM-1) via a novel 
endocytotic mechanism, CAIVI-mediated endocytosis. This result has important implications 
from the therapeutic standpoint, since the fate of internalized materials is usually dictated 
by the endocytotic mechanism. For example, phagocytosis and clathrin-mediated 
endocytosis favor lysosomal targeting, while caveoli-mediated endocytosis favors 
transcytosis and, in some cases, cytoplasmic delivery. Since CAM-medicated endocytosis 
is a truly unique and previously unrecognized pathway, one could not predict a priori the 
intracellular destination of the conjugated cargo, its metabolism, fate and duration of activity 
of anti-CAM conjugates. Therefore, clarification of this final aspect of the Specific Aim 1 
was critically important for estimation of prospective therapeutic window of conjugates. We 
report that this goal is completed, the main findings are and to be published in a new series 
of our papers and chapters {Muro et al, AJP Cell; 2003; Muro et al, Bioconjugation 
Protocols 2004, Chapter 2; Muro et al, Current Vase. Pharmacol. 2004). In this section 
we briefly describe the cardinal findings, please see above papers for illustrations. 

To establish a reliable and simple model system for completion of the Specific Aim 1, we 
first affirmed that HUVEC similarly internalize both anti-CAM/SA/AOE and anti-CAM/FITC- 
beads conjugates. Using double-staining analysis described in the first annual report and 
our recent papers (Muro et al, 2003) we confirmed that EC indeed internalize anti- 
CAM/beads via amiloride-sensitive pathway, CAM-mediated endocytosis. 

We utilized this model to characterize intracellular traffic of anti-CAM/beads using labeled 
antibodies to endosomal and lysosomal markers EEA-1 and LAMP-1. After uptake, 
conjugates reside in early endosomes for 1-2 h and traffic slowly to lysosomal 
compartments (2-3 h vs less than 15 min for Dextran Red, a marker of fluid phase uptake). 
Immunostaining for immunoconjugate protein cargo showed its degradation in lysosomes 3 
h after uptake. Slow lysosomal traffic fits with the fact that EC normally do not internalize 
CAM ligands (and thus may lack the effective machinery for their lysosomal trafficking) and 
emphasizes differences between CAM-mediated vs clathrin-mediated endocytosis, which 
ligands usually rapidly traffic to lysosomes. 

Having deciphered the intracellular traffic and pathway of degradation of anti-CAM 
conjugates, we tested effects of pharmacological agents that might be used to decelerate 
lysosomal traffic and degradation. We found that chloroquine that inhibits acidification of 
lysosomes did not alter conjugate trafficking (Fig. 1, below). However, it significantly 
decelerated degradation, due to buffering vesicular pH towards neutral values, thus 
inhibiting pH-dependent lysosomal proteases. In contrast, nocodazole, an agent which 
disrupts microtubules, blocked traffic of anti-PECAM/beads at the level prior to EEA-1 
positive endosomal compartment localized on the cellular periphery close to the plasma 
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membrane, presumably in pre-endosomal vesicles. By virtue of disrupting lysosomal traffic, 
nocodazole markedly prolonged stability of conjugates inside EC after internalization. 

B 
l-IgG 

1h     2h    3h 

Chloroquine 

1h    3h    5h 1h   3h    Sh 

O 
C 
'5 
o 

« 
o 
N 
RI 

Tl 
O 
O o 
z 

tl ^^^^IH^ 

• 

Fig. B. 1. Stability of anti- 
CAM    conjugates.     (A) 
Degradation of the anti- 
CAM     was     assessed 
using       a      TexasRed 
secondary   antibody   in 
permeabilized cells after 
uptake of anti- 
CAM/FITC-beads       into 
EC.  Yellow:  internalized 
anti-CAM/beads,    green: 
degraded counterpart. In 
control    EC,    anti-CAM 
degrades       3h       after 
uptake. Chloroquine and nocodazole prolong the stability of the conjugates, presumably due to 
inhibition of lysosomal acidification and trafficking. (B) Radio-autography and densitometric assay of 
^^^l-anti-CAM/beads after uptake by EC. Anti-CAM was considerably degraded 3h after uptake by 
control HUVEC, while chloroquine or nocodazole markedly prolonged anti-CAM stability, confirming 
immunofluorescence data. Color version of this figure is available in Mum etal, AJP Cell, 2003. 

B.2. Characterization of a novel animal model of human ALI based on pulmonary 
oxidant stress induced by anti-TM/GOX. Our pilot data shown in the proposal 
documented that endothelial determinant thrombomodulin (TM) is an excellent candidate 
target antigen for antibody-directed vascular immunotargeting of the H202-generating 
enzyme glucose oxidase (GOX) to the pulmonary endothelial cells (EC), in order to 
induce EC-specific oxidative lung injury. Indeed, oxidant stress in the lung tissue has 
been documented by immunostainings for 8-epi-isoprostane (a marker of lipid 
peroxidation) and nitrotyrosine (a marker of protein oxidative nitration, for example, by 
peroxinitrate, ONOO). We also detected elevated levels of MDA (malonic di-aldehyde, a 
cumulative marker of lipid peroxidation) in the lung homogenates obtained from anti- 
TM/GOX injected mice. Depending of the dose of anti-TM/GOX injected, the severity of 
pulmonary oxidant stress was so high that 85-95% lethality was observed within 6 h post 
injection (50-70 ug of anti-TM/GOX per mouse, i.e., 2-2.5 ug/g). 

The massive lung injury caused by anti-TMGOX is associated with recruitment of white 
blood cells (WBC) and especially neutrophils (PMN) to the lungs. WBC recruitment (PMN 
influx) to the lung was evidenced by MPO evaluation of whole lung homogenates. 
Moreover, PMN extravasation into the alveolar compartment was revealed. Thus, WBC 
numbers in the broncho-alveolar lavage fluid (BAL) was 8-fold above over baseline by 24 
hours after anti-TM/GOX injection. Our animal experiments performed in the pilot stage of 
the project also revealed that this model has a potential of combining a specific and 
"clean" oxidant stress induced in EC solely by hydrogen peroxide with acute pro- 
thrombotic stress due to inhibition of thrombomodulin. Indeed, we described deposition of 
fibrin and platelets aggregates in the lungs of mice 4 hours post anti-TM/GOX injection 
(Christofidou et al, 2002). 

These pilot results indicated that lung injury induced by anti-TM/GOX bears several 
hallmarks of human ALI  syndrome:  i) an  acute oxidant stress  in the  pulmonary 

6 



Vladimir Muzykantov, PI, DAMD 17-02-1-0197 
"ICAM Targeting in Acute Lung Injury" 

Second Annual Progress Report 
vasculature; ii) WBC influx in tlie lungs; iii) pulmonary tiirombosis. Tlierefore, anti- 
TM/GOX intervention may provide a basis for development of a new animal model of 
human ALI, a very important goal on its own in the context of the present DOD Program, 
since currently there is no such a model. 

Over the years, a plethora of animal models have been developed for investigation of 
human ALI. The models employing primary airway insults (e.g., hyperoxia, ozone 
exposure, intratracheal instillation of hydrochloric acid, bacteria pneumonia, and other), 
induce local initiation of the lung injury. However, events in the vascular compartment 
seem to be at least as important as those in the alveolar/airway compartment, in terms of 
the initiation of many (perhaps, the majority) variants of the syndrome. The models based 
on the local insults delivered via the airways are thus of relatively limited use for 
investigation of intravascular initiation of ALI. The models employing intravascular insults 
(e.g., based on systemic activation of coagulation, complement or leul^ocytes) arguably 
possess a higher similarity to variants of human ALI induced by or associated with 
massive peripheral trauma, or hemorrhage. The realization that distal organ injury may 
play an important role in the pathogenesis of ALI, paved the way for the development of 
animal models ALI such as hemorrhage/resuscitation, ischemia/reperfusion of the 
intestines, kidneys l/R or skeletal muscle, and other. These ALI animal models are 
characterized by PMN recruitment and increased vascular permeability, however, they 
suffer from two limitations. First, the extent of induced injury is often relatively mild (with 
the exception of oleic acid). Second, the pathological events in pulmonary vasculature 
leading to ALI are not well defined in these models, since pulmonary manifestations and 
mechanisms are overshadowed by systemic abnormalities. 

Based on these considerations, characterization of anti-TM/GOX based models of acute 
lung injury is of general interest of ALI studies. In addition, a detailed characterization of 
anti-TM/GOX model was well justified in the frames of the present grant, since it will be 
employed to test prospective effects of our CAM-targeted drug delivery systems. 
Therefore, we asked for and have been granted a permission to extend experiments in 
this model. Originally these animal studies have been projected for the Specific Aim 3, to 
be completed within the third year. Due to programmatic reasons, we moved this part of 
the study to the second year. In particular, we wanted to learn main features of the animal 
model of ALI before we finalize design of the protective conjugates, in order to be able to 
fine-tune their properties and achieve better effects. This largely extended part of the 
project, which became a revised Specific Aim 2, is now completed and reported below. 

B2.1. Quantitative characterization of pulmonary oxidative stress in mice. One of 
the goals of this project is to test the protective effect of anti-CAM/AOE targeting in the 
murine models of pulmonary oxidant stress, anti-TM/GOX and hyperoxia. However, 
qualitative criteria of lung injury employed in our pilot experiments, such as descriptive 
tissue morphology and immunostainings for oxidative markers, afford rather relative 
comparisons between groups. In order to overcome this problem, we have now 
established additional quantitative parameters of injury inflicted by GOX or hyperoxia in 
mice, shown in the Table 1 below. 

Elevated levels of 8-epi isoprostane (determined by HPLC/MS) and MDA (umol/lung, 
MDA-586 assay, OxisResearch) in lung homogenates show lipid peroxidation. Protein 
carbonyls (nm/mg protein) show protein oxidation and myeloperoxidase (MPO) shows 
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neutrophil sequestration. Elevated levels of protein and WBC in the broncho-alveolar 
lavage (BAL) show edema and white blood cell (WBC) transmigration. Reduced plasma 
levels of gelsolin, a marker of acute lung injury, show the severity of cellular destruction 
(Christofidou, 2002). Measuring these parameters will permit accurate and precise testing 
of the effects of anti-CAM/AOE conjugates in the Specific Aim 3. 

Parameter Control Anti-TM/GOX 
30 ug 

Anti-TM/GOX 
60 ug 

48h100%O2 72h100%O2 

8-epi isoprostane 5.18±0.8 7.21±1.64 19.7117.22 ND ND 
MDA 4.73±0.42 5.9410.39 7.8411.12 6.5810.03 15.5010.193 
Protein carbonyls 7.5+1.6 ND ND 15.2+1.8 29.5 (n=1) 
MPO 0.23±0.03 0.64±0.04 1.9610.22 0.56+0.04 0.5710.09 
Lung Wet/Dry ratio 4.23 ±0.1 6.0410.18 6.6710.18 4.7610.06 5.4610.11 
BAL protein 0.14±0.07 0.7910.71 4.5711.04 0.92810.214 4.2910.54 
BAL WBC 58,476±8,901 ND 133,500145,384 56,83814,372 72,64517,958 
Plasma gelsolin 373±19 ND 109118 295120 110145 

Table 1: Quantitative characterization ofoxidant lung injury induced by different doses of 
anti-TM/GOX or hyperoxia. The data shown as M±SD, n=3-5 (ND: not determinedj. 

B.2.2. Effects of anti-TM/GOX and hyperoxia on expression of Cell Adhesion 
Molecules (CAM) accessible to blood in the pulmonary endothelium. Of particular 
interest in the context of this grant was to learn how anti-TM/GOX and hyperoxia alters 
dynamics of expression of target CAM (Cell Adhesion Molecules) in the pulmonary 
vasculature and potential effect(s) of blocking WBC interactions with these adhesive 
determinants in this model. This data will: i) complement described natural history of this 
pathology and help to understand its molecular and cellular mechanisms; ii) guide fine- 
tuning of design of anti-CAM conjugates, for example, built-in capacity to block CAM; iii) 
and provide a basis for interpretation of tentative protective effects of anti-CAM 
conjugates, projected for testing in the years 3 and 4. 

To characterize expression of cell adhesion molecules (CAMs) in the lungs of living mice, 
we employed a technique of dual radiolabeled Abs described in the previous report 
developed by the PI previously (Muzykantov et al, 1991). This technique allows 
quantitative assessment of antigens in the pulmonary vasculature. Importantly, in contrast 
with tissue immunostainings and analysis of antigens content in tissue homogenates by 
Western-Blotting that provide no information on accessibility of antigens to circulation, this 
particular technique reveals only antigens accessible from the bloodstream, i.e., CAM 
might regulate WBC margination and extravasation. We used ""^'l-labeled mAbs against 
P-selectin (BR33.1) and ICAM-1 (YN1) mixed with control non-immune rat ""^^l-IgG (in 
order to compensate for CAM-independent component of antibody uptake, such as due to 
enhanced vascular permeability or binding to Fc-receptor-bearing cells) in Balb C mice. 
Rat anti-mouse ""^^l-anti-CAM mAbs, were injected via tail vein 24 hours after injection of 
anti-TM/GOX conjugate and one hour later mice were sacrificed. Specific pulmonary 

131i uptake of    l-mAb was assessed after subtraction of non-specific    l-IgG uptake. 

Anti-TM/GOX caused 4.9-fold and 2.2-fold elevation of the specific pulmonary uptake of 
P-selectin and ICAM-1 mAb over control level, respectively. In a new series we found that 
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anti-PECAM/GOX conjugate that we used in previous studies prior to development of 
anti-TIVl/GOX (Ciiristofidou et al, 2001), caused an elevation of the specific pulmonary 
uptake of ICAM-1 (22% Increase over untreated controls) but not P-selectin mAb (3%) 
after 24 hours after injection. Therefore, anti-TM/GOX injury associated with PMN entry to 
the alveolar compartment, causes a marked elevation of blood-accessible of P-selectin 
and ICAM-1 in the lung. In contrast, anti-PECAM/GOX, which is associated with PMN 
margination but not their extravasation into the airspace (Christofidou et al, 2002), causes 
a marked elevation of blood-accessible ICAM-1 but not P-selectin in the lung. This result 
implies that P-selectin and ICAM-1 play significant and likely different roles in oxidant- 
and leukocyte-mediated lung injury. 

To test effects of hyperoxia, mice were placed in a sealed Plexiglas chamber (continuous 
flow of O2 at 10 L/min, yielding O2 concentrations of 80-100% determined by an O2 
analyzer, model 600-ESD; Newark, DE). Under these conditions, animals develop 
progressive lung injury after 48 hours of exposure and expire by 96 hours. BAL fluid 
showed increase in protein level indicative of alveolar edema by 4 days (Fig.DS.I). 
Pathological changes in histological sections manifest by generalized severe vascular 
congestion and hemorrhagic edema, hyaline membranes and inflammatory infiltrate by 96 
h. Our paper describes hyperoxia model in details (Christofidou 2002b). 

Injection of ^^^l-antibodies to P-selectin or CAM mixed with ^^^l-IgG (a double-label tracing 
technique accounting for specific and non-specific uptake in lungs developed earlier 
(Muzykantov 1991)), showed that both anti-TM/GOX and hyperoxia up-regulate 
expression of surface adhesion molecules in the lungs (Table 2 below). 

Lung uptake, %ID Control Anti-TM/GOX 24h02 48h02 72 O2 
Control IgG 1.24±0.05 2.69±0.19 1.06±0.13 1.35±0.23 2.65±0.46 
P-selectin 1.86±0.06 5.2±1.4 1.84±0.14 2.20±0.15 6.05±0.49 
ICAM-1 3.98±0.19 5.93+0.43 3.05+0.13 2.38±0.13 9.44±0.7 

Table 2. Oxidant stress augments pulmonary uptake of ^^^l-labeled antibodies against cell 
adhesion molecules. Table shows tissue level of Iodine 1 h after IV injection in mice with 
induced by either injection of anti-TM/GOX (3 h prior the antibodies injection) or exposure 
in a hyperoxic chamber for indicated period of time. The data shown is M+SEM, n=4-6. 

Pathological perturbations (i.e., elevation of CAM-level) in pulmonary endothelial cells EC 
in anti-TM/GOX treated mice and at early stages of hyperoxia indicate that: a) EC is a prime 
target of oxidant stress; b) EC injury in hyperoxia may lead to deleterious consequences, 
e.g., inflammation due to exposure of adhesion molecules; and, c) anti-CAM/AOE targeting 
likely to be elevated upon hyperoxia. 

B.2.3. Effects of blocking of cell adhesion molecules in the models of pulmonary 
oxidant stress induced by anti-TM/GOX or hyperoxia. in the experiments described 
above, tracer amounts of isotope-labeled anti-CAM were injected in mice (1-5 ug/animal). 
In the next series we tested effect of larger doses of blocking CAM antibodies on 
pulmonary WBC influx and tissue injury in two models of oxidant stress proposed as test 
systems for drug delivery systems in the present grant: anti-TM/GOX and hyperoxia. The 
latter model is similar to the anti-TM/GOX model in that it is also: i) oxidant-mediated; ii) 
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there is EC injury and severe lung injury by 72 liours of 100% 02 exposure; iii) pulmonary 
sequestration and extravasation into alveoli of activated WBC and PMN. 

We used several strategies to test EC CAM involvement in these models, including: i) 
anti-CAM antibodies and combinations thereof, ii) neutrophil depletion using RB6 
antiserum; iii) common L/P-Selectin inhibitor lectin fucoidin (20mg/kg); and, iv) CAM 
knockout mice. In particular, we employed blocking mAbs against P-selectin, ICAM-1 and 
PECAM-1 in Balb C mice exposed to 100% O2 for 72 hours. The mAbs or control IgG 
(100 ug/mouse) were injected at T=0 and 24 hours of O2 exposure. Lungs were assessed 
morphologically, by lung wet/dry ratio and BAL protein accumulation, and BAL WBC/PMN 
counts. Percent of inhibition of WBC influx was assessed with respect to maximal injury 
under exposure with no therapeutic intervention. 

Either ICAM or PECAM antibodies attenuated pulmonary influx of leukocytes in hyperoxia 
(28% and 66% inhibition, respectively), while P-selectin antibody or control IgG had no 
effect (-3% and -4%). Evaluation of injury parameters including wet/dry ratio and protein 
levels in BAL, however, failed to indicate any significant protection. The study was further 
expanded using fucoidin. an L- and P-selectin blocker, with similar findings. Furthermore, 
experiments using PECAM-1, ICAM-1 and P-selectin knockout mice also failed to prevent 
hyperoxic lung injury. Finally, PMN depletion experiments repeated several times both in 
Balb C and Black C57 mice to avoid strain specificity, also failed to prevent lung injury at 
72 hours in this model. Our data showed that blockade of the inflammatory component, 
namely suppression of leukocyte influx into the alveoli, or even elimination of neutrophils 
failed to prevent the development of hyperoxic lung injury. 

We also tested role of CAM and PMN in acute pulmonary injury induced by anti-TM/GOX 
(75 ug/mouse, 90-100 lethality 4-6 h). To our surprise (although attenuated by previous 
results in hyperoxia model), we found no protective effects of any intervention, whether 
with anti-CAM antibodies or PMN depletion. We therefore decided to scale-down the anti- 
TM/GOX dose to sub lethal, injuring in a 24-hour period (35 ug/mouse). BAL proteins in 
mice challenged with low dose anti-TM/GOX treated with saline or fucoidin were 1.0 vs 
1.2 mg/ml respectively, while BAL WBC were 63,000±6,900 versus 58,000±7,000. 
Therefore, no significant difference was noted. However, mice depleted of PMN, 
challenged with low dose anti-TM/GOX showed a significant decrease of BAL proteins as 
compared to non-depleted, challenged controls (0.33 vs. 0.51 mg/ml). PECAM knockout 
mice showed significantly less % BAL PMN (3±1 vs 11 ±7) and BAL WBC (32,686±3,000 
vs. 48,032±8,683), but no difference in BAL proteins (0.6±0.2 vs. 0.5±0.1). 

Overall, our data suggested that CAMs, whether endothelial or on leukocytes, play a 
relatively minor, if any, role in hyperoxia and anti-TM/GOX models of ALL In fact, we 
showed that blockade of the inflammatory component, namely suppression of leukocyte 
influx into the alveoli, or even elimination of neutrophils failed to prevent the development 
of GOX/TM-induced lung injury. This outcome suggests that PMN play rather limited roles 
in propagating of acute phase of our models. In retrospect, one can find that this result fits 
with literature and anecdotal sources citing a controversy on the role of PMN in lung injury 
in animal models. Currently we reflect on this controversy and contemplate additional 
studies (perhaps, beyond the frames of this grant) in which to address roles of blood cells, 
such as involvement in sub-acute or chronic phases, in our murine models of human ALL 
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B.2.4. Effect of combined sub-injurious doses of anti-TIVI/GOX and hyperoxia: a 
new, more clinically relevant and reliable model of a double-hit ALL It should be 
noted that both hyperoxia and anti-TM/GOX models in the way pursued in the literature 
and in our previous studies, represent somewhat artificial imitation of human ALI 
syndrome. For example, an extreme severity and acuteness of lung injury and high 
mortality developed in response to high doses of anti-TM/GOX might mask some 
relatively minor, yet physiologically important pathological mechanisms of the injury and 
might overshadow testing of tentative protective effects of drug targeting. In addition, use 
of high doses enhances probability and influence of systemic side effects of circulating 
fraction of anti-TM/GOX (that would in turn increase with dose elevation due to saturation 
of clearing mechanisms). 

By these reasons, intermediate or moderate levels of injury induced by lower anti- 
TM/GOX, more compatible with extent of lung injury in human ALI, would be preferable 
for the testing of protective interventions. However, the dose dependence curve for anti- 
TM/GOX is extremely sharp and dose reduction below highly injurious levels leads to high 
irreproducibility of the data, most likely due to minute variability of the injected dose, size 
and individual sensitivity of animals. Therefore, in contrast with relatively reproducible 
acute, severe and lethal outcomes of high doses of anti-TM/GOX (60-70 ug/mouse or >3 
ug/g), half animals may show practically no injury, whereas half will display a severe 
injury and even expire after injection of "borderline" doses (-2.5 ug/g). 

On the other hand, exposure of mice to hyperoxia alone induces rather mild, if detectable 
at all, pulmonary injury within first two days of exposure. Even more importantly, it does 
not reflect human pathology in the sense that clinically hyperoxia is applied to sick 
patients (with ongoing pulmonary inflammation, oxidant and thrombotic stresses in cases 
associated with ALI), not to healthy subjects. 

We took seriously these objective downsides of animal models of ALI, projected for 
testing antioxidant interventions in our study, which resurfaced in our recent studies 
reported above. In order to overcome these problems, we studied effects of combined 
treatment of mice with low, sub-injurious doses of anti-TM/GOX (1.0-1.5 ug/g) and 
hyperoxia, a setting reflecting more adequately clinical hyperoxia treatment of ALI 
patients with ongoing vascular oxidant stress and inflammation. 

Fig.2. A new model of ALI in mice 
induced by anti-TM/GOX in 
hyperoxia. Mice were injected with a 
sub-toxic 1 ug/g dose of anti- 
TM/GOX and placed for 4 h In a 
hyperoxic chamber. Hyperoxia 
augments lung injury by anti- 
TM/GOX (A: 100% O2; B: 80% O2). 
BAL protein were measured 4 h post 
insults: antl-TM/GOX alone (1); 
hyperoxia alone (2); or anti-TM/GOX 
and hyperoxia (3). Inset in A shows 
MDA level in lung tissue 
homogenates. Dashed line indicates 
normal level of BAL proteins. 
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Neither low closes of anti-TM/GOX in room air (1 ug/g), nor 100% O2 itself caused a 
significant lung injury in mice within 4 h. In fact, no detectable injury was found in mice 
exposed to hyperoxia alone for 24 h. In a sharp contrast, combination of anti-TM/GOX 
and 100% O2 caused acute severe oxidative lung injury detectable by 5-fold elevation of 
protein in BAL and doubling of MDA level in the lung tissue homogenates (Fig.2A). The 
model is highly reproducible and easily tunable by the level of O2: for example, combined 
treatment with the same dose of anti-TM/GOX and 80% O2 produced less severe, but 
clearly detectable acute lung injury (Fig.2B). 

■GOX/ROOMAIR 
■GOX/HYPEROXIA 

0.5 1 1.5 2 2.5 

ug GOX/g mouse wt 

Figure 3 shows detailed comparison of dose-dependence curves for anti-TM/GOX 
induced injury in room air vs hyperoxia (80% O2) conditions. One can clearly see that in 
hyperoxia anti-TM/GOX within the range of 1.0-1.5 ug/g causes a marked, reproducible, 
yet not overt or lethal pulmonary injury (determined by the level of BAL fluid protein, 
characterizing lung edema). This reliable, and relatively easily tunable model of acute 
lung injury, characterized by much lower generalized toxicity (due to reduction of GOX 
dose), will be utilized in the next year to characterize protective effects of targeting 
antioxidant enzymes to endothelial CAM. 

B.3.Delivery of diverse AOE to endothelial CAMs. Our previous studies were focused 
mainly on catalase, an enzyme that reduces H2O2, an important Reactive Oxygen Species 
(ROS) involved in ALL However, other ROS are also play important roles in this pathology. 
For example, superoxide anion (superoxide), generated by either activated leukocytes or 
endothelial cells themselves, apparently plays a key role in initiation of the cascades of pro- 
oxidative reactions, including inactivation of NO, formation of a strong oxidant peroxinitrite 
(ONOO), formation of H2O2 and generation of an extremely strong oxidant, hydroxyl radical 
in Haber-Weiss reaction. On the other hand, diverse organic peroxides formed in reactions 
of ONOO and hydroxyl radical with lipids and other biomolecules, ignite chain reactions of 
lipid peroxidation and directly inactivate proteins and nucleic acids. Figure 1 below 
illustrates  reactions  of vascular oxidant  stress  (VOS,  one  of the  key  pathological 
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mechanisms that underlies ALI) and main antioxidant enzymes, SOD, catalase and 1- 
cysPrx. 

NADPH„^ 
xo, cox 

Fig.4.  VOS and AOE. SOD 
prevents inactivation of NO 
and generation of ONOO" by        Q 
converting O2" into H2O2 that ^ 
can   form   strong   oxidants. 
Catalase, peroxidases and 1- 
CysPrx   reduce   H2O2   into 
H2O.   PLOOH   (phospholipid 
hydroperoxides) iformed from 
polyunsaturated phospholipid 
(PUPL) cause peroxidation of 
lipids.    FAOOH    (fatty   acid ONOO" 
peroxides)     excised     from 
cellular membranes by PLA2 
phospholipase   A2   can   be 
reduced into non-toxic hydroxy fatty acid (FAOH) by 1-CysP 
PLOH.   XO:   xanthine   oxidase,   COX:   cyclooxygenase, 
myeloperoxidase. 

SOD GPx{1-4), 1-Cys Prx 

H,0 + O, 

Arginine ^   NO      HOCl      OH "►C 
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1-Cys Prxj 

GPx4/ 

PLOOH      pAOH 
^^ PI-A2W 1 -Cys Prx4 
-^ " GPx(1-4J/ 

=^        FAOOH -"^ 

rx that detoxifies PLOOH into non-toxic 
NOS:   nitric   oxide   synthase,   MPO: 

Therefore, coordinated delivery of diverse AOE seems to be necessary in order to allow 
more effective detoxification of diverse ROS and oxidants and thus achieve profound 
protective effects. Accordingly, in this grant we pursue targeting of SOD (to detoxify 
superoxide), a novel potent AOE, 1-cysPrx (to detoxify a wide spectrum of organic and 
inorganic peroxides, see below in Section B.3.4.) and a tandem SOD/catalase, which in 
theory might permit very effective, coordinated detoxification of both superoxide and H202 
into water, without excessive formation of harmful intermediates. Sole targeting of catalase, 
which is viewed mostly as a model system, is pursued elsewhere. 

B.3.1. Preparation and characterization of anti-CAM/SOD conjugates. We used 
streptavidin-biotin cross-linker to produce anti-CAM/SOD conjugates of optimal size (150- 
250 nm). Firstly, we determined effect of biotinylation on SOD activity and characterized 
number of biotin residues covalently attached per molecule of SOD, using HABA reagent. 
Figure 5A (below) shows that biotinylation within biotin to SOD molar tatios 4-8 permits 
coupling of 1-1.7 biotin residues per SOD molecule with rather modest reduction of 
enzymatic SOD activity. Further, determined calibration curves for amount of streptavidin 
that produces anti-CAM/SOD conjugates of the proper size and found that streptavidin 
forms anti-CAM/SOD conjugates close to 200 nm diameter at a molar ratio 1.25 (Fig. 58), 
This size is optimal for targeting and intracellular delivery (Wiewrodt 2002; Muro 2003). 

We determined SOD enzymatic activity of the resulting conjugates. Interestingly, we found 
that SOD activity was reduced sharply after conjugation when a large artificial substrate, a 
fluorescent substance SOD525 was used (inset in Figure 58). However, when superoxide 
anion was used in the testing reaction (detected by reduction of cytochrome C, Cyt C), 
apparent reduction of SOD activity after conjugation was dramatically less prominent 
(compare closed and open bars in the inset). We speculate that streptavidin-mediated 
conjugation of SOD may partially block its active site, which could be more easily revealed 
by a large substrate. However, superoxide, which is a natural substrate of SOD and 
tentative ROS target for decomposition by anti-CAM/SOD conjugates, is a small and 
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relatively easily diffusible molecule and, therefore, enzymatic activity of resulting conjugates 
is high. 

Fig. 5. Preparation of anti-CAM/SOD 
conjugates. Panel A (upper) shows dose 
dependence of the biotinylation reaction 
yield and enzymatic activity of biotinylated 
SOD on the molar excess of biotinylating 
agent, BHS-LC-biotin. Panel B (bottom) 
shows mean diameter of anti-CAM/SOD 
conjugates formed at different molar 
ratios of cross-linking agent, streptavidin. 
Size was determined by DLS (dynamic 
light scattering). For details of conjugation 
procedure see our recent methodological 
chapter in Bioconjugation Book (Shuvaev 
et al, 2004). An inset in the bottom panel 
shows enzymatic activity of non- 
conjugated (open bars) and conjugated 
(closed bars) biotinylated SOD. Activity 
was determined using a large artificial 
fluorescent substrate (SOD525) or small, 
natural SOD substrate, superoxide anion, 
using color reaction of Cyt 0 reduction. 
Note that enzymatic activity of conjugated 
SOD is higher towards its natural 
substrate. 
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B.3.2. Specific binding of anti-CAM/SOD conjugate to endothelial cells. To characterize 
quantitatively targeting SOD to endothelial cells in vitro and in animals, we synthesized 
conjugates using procedure described in the previous section, using radiolabeled SOD 
(^^^l-SOD). In the first series of targeting experiments, anti-CAM/^^^l-SOD was incubated 
with human endothelial cells (HUVEC) or with a cell type routinely used in our studies as a 
negative control, REN cells (human mesothelioma cells forming an endothelium-like 
monolayer, yet not expressing endothelium-specific CAMs). Figure 6 (below) demonstrates 
that anti-CAM/SOD specifically binds to endothelial, but not to control cell type. 
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Figure 6. Specific targeting of anti- 
CAM/SOD to endotiielial cells in 
vitro. Indicated doses of radiolabeled 
conjugate was incubated with 
endothelial cells (HUVEC) or control 
cell type (REN) for 1 h at 37°C. Non- 
bound conjugate was eliminated and 
cell-associate radioactivity was 
determined in a gamma-counter. The 
data of bound SOD (ng/well) is 
shown as function of added 
conjugate, Mean+SD, n=3. 
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B.3.3. Pharmacokinetics of anti-CAM/SOD in mice and pulmonary targeting of radiolabeled 
conjugate. We characterized biodistribution of anti-CAM/SOD conjugate containing 
radiolabeled SOD (I.e., preparation similar to that employed in the previous series in cell 
cultures) after intravenous injection in intact anesthetized mice. In this series, to control for 
the specificity of targeting, we utilized a non-immune IgG/SOD counterpart. Fig. 7 below 
shows results of this critically important animal study. 

As described in more detail animal protocol for the grant, we calculated several parameters 
of the conjugates biodistribution in organs. Firstly, % of injected dose per gram of tissue 
(%ID), shows total distribution of the conjugates in the main organs and blood. As one can 
see, non-immune control IgG/SOD shows higher uptake in liver and spleen (most likely due 
to relatively non-specific recognition of Fc-fragments by resident macrophages in 
reticuloendothelial system organs), whereas anti-CAM/SOD shows much higher uptake in 
the lung due to specific binding to endothelium and lower blood level, likely due to partial 
depletion of circulating pool by endothelial binding (Fig.7A). 

Calculation of %ID per gram permits comparisons of uptake in different organs and 
evaluates tissue selectivity of an antibody uptake. Without normalization per weight, uptake 
in large organs (liver) may look extremely large when compared with that in a relatively 
smaller organ (e.g., lung or heart). This parameter reveals that IgG/SOD has the highest 
tropism to spleen, whereas anti-CAM/SOD has highest tropism to the lung (Fig.7B). 

The ratio between %ID/g in an organ of interest and that in blood gives Localization Ratio, 
LR. This parameter compensates for a difference in blood level of circulating antibodies 
(e.g., due to different rate of renal or hepatic clearance or uptake by targets), helps to 
account for the level of non-specific IgG in an organ and allows a more objective 
comparison of targeting between different carriers. Compensation for faster blood 
clearance of anti-CAM/SOD shows that pulmonary LR was the highest for anti-CAM/SOD 
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and achieved 10 one hour post injection (Fig. 7C), level compatible to other lung targeting 
systems described in our previous studies. 
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Figure 7. Pulmonary targeting of anti-CAM/SOD. A tracer amount of the conjugates (1-3 ug per 
animal) was used in this study. Animals were sacrificed 1 hour after IV injection of conjugates, 
organs obtained, rinsed by a buffer, blotted and radioactivity determined in a gamma-counter. 
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Finally, the ratio between levels of an antibody and control IgG (the Immunospecificity 
Index, ISI, that can be calculated using LR) shows the specificity of an antibody uptake 
comparing with non-targeted IgG. ISI shows that anti-CAM/SOD has 15-times higher 
tropism to pulmonary vasculature than IgG/SOD counterpart (FigJD). 

B.3.5. Cellular delivery of 1-CysPrx, a novel potent AOE. Phospholipid hydroperoxides 
(PLOOH) generated by ROS damage membranes. Excision of the oxidized fatty acid 
moiety by a phospholipase followed by re-acylation of residual lysophospholipid helps to 
restore membrane integrity. However, 1-Cys-Peroxiredoxin (1-CysPrx) directly reducing 
PLOOH to non-toxic hydroxy derivatives (e.g., PLOH) affords even more effective 
protection {Manevich 2002). 1-CysPrx is a 26 kD cytosolic protein with a sole redox-active 
cysteine using GSH as a reducing co-factor, a unique member of a superfamily of non- 
seleno-peroxidases which usually have two redox-active cysteines using as a co-factor 
thioredoxin. 

1-CysPrx antisense augments oxidative stress in cells, while its overexpression in cells 
enhances their ability to reduce H2O2 and organic peroxides (e.g., tBOOH), enhancing their 
resistance to oxidative stress, lipid peroxidation, apoptosis and toxicity induced by H2O2, 
tBOOH and *0H {Manevich, 2002). Animal studies implicate endogenous 1-CysPrx in 
protection against pulmonary oxidative stress. 1-CysPrx reduces a wide range of peroxides 
and has a unique concomitant phospholipase activity. Reduction of H2O2 or t-BOOH and 
protection against lipid peroxidation in the membranes via reduction of membrane- 
associated PLOOH to PLOH derivatives followed by restoration of membrane function due 
to phospholipase activity are likely components of the unique antioxidant mechanism of 1- 
CysPrx {Manevich 2002). 

In collaboration with Dr. Aron Fisher, a pioneer in 1-cysPrx studies, we obtained a pure 
recombinant rat 1-CysPrx protein demonstrating high purity and enzymatic activity (Fig. 8), 
sufficient to synthesize and test anti-PECAM/1-CysPrx conjugates. 

kDa A B Fig.8   Characterization   of   recombinarit   rat   1-cys 
peroxiredoxin (Prx) expressed in E.coli. Electrophoretic 

64 (A) and Western blot (B) analysis of the protein after 
50 ^^^^^       initial separation on DEAE-Sepharose (lanes 1 and 4) 

and final purification on CM-Sepharose (lanes 2, 3, 5 
and 6) shows monomers and dimers of 1-cysPrx. 1- 
Palmitoyl-2-linonenoyl hydroperoxide-sn-glycero-3- 
phosphocholine was used as a substrate in 
NADPH/GR-coupled assay for purified 1-cysPrx 
activity that was estimated as 3.5 |jmol/mg/min. 

36 

22 

We tested delivery of purified 1-cysPrx to model target cells (H441 cells, which lack natural 
1-cysPrx and, therefore, represent an ideal culture for testing effects of transfection, 
transduction or delivery of this protein). Figure 9 shows binding of purified 1-cysPrx loaded 
in FITC-labeled liposomes (Pro-Ject liposomes, Pierce) to cells in culture. Western blotting 
of the cellular lysates using anti-1-cysPrx mAb 17 (Fig.9 F) identifies localization of the 
delivered enzyme. Furthermore, analysis of NADPH-dependent enzymatic reduction of a 
lipid peroxide substrate (1-palmitoyl-2-(13-hydroperoxy)-linolenoyl-sn-glycero-3- 
phosphocholine) revealed significant 1-cysPrx activity (2.8 umol/mg protein/min) in the cell 
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lysates of cells incubated with 1-cysPrx liposomes, but not in the control cells, indicating 
presence of active 1-cvsPrx inside the cells. 
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123456789 
20 

Fig. 9. Intracellular delivery of recombinant 1-CysPrx. A and B: cell-associated fluorescence and 
phase contrast of the cells incubated with 1-CysPrx loaded into FlTC-labeled liposomes, C and D: 
control cells. E: staining of PAGE of pure 1-CysPrx (1), a reference protein (2), supernatants from 
control cells shown in D (3) and from the cells incubated with 1-CysPrx loaded liposomes, shown in 
B (4), soluble fraction of cell lysates of control cells (5) and cells incubated with 1-CysPrx loaded 
liposomes (6), insoluble fraction of cell lysates of these cells (7,8) and molecular weight standards 
(9). F: immunoreactive band of 1-CysPrx (detected by a mAb #17) was revealed in the medium of 
the cells incubated with 1-CysPrx liposomes (4) and in a soluble fraction of cell lysates (6). 

B4. Deliveiy of fibrinolytics to endothelial CAMs: selection of optimal drugs and 
carriers. Our initial efforts in pilot studies and in the first year of the project prior to revision 
of the SOW were focused on tissue-type plasminogen activator, tPA, as a prototype 
fibrinolytic agent for targeting to endothelial CAM for alleviation of thrombotic burden in the 
pulmonary vasculature in ALI/ARDS {Murciano 2003). However, individual plasminogen 
activators have quite different profile in terms of fibrinolytic activity, resistance to plasma 
inhibitors, rate of elimination from the bloodstream, penetration into haemostatic clots and 
side effects in the tissues. In order to select the best candidate for this specific application, 
we compared side-by-side several currently available plasminogen activators including 
wild-type tPA, its molecular derivatives obtained by gene engineering (Retavase and 
Tenektase) and urokinase. 

Firstly, we compared enzymatic activities of these specific proteases using a small 
chromogenic substrate, Chromogen. Its cleavage in active site of plasminogen activators 
(generating a color) imitates plasminogen cleavage without any confounding effects. This 
was necessary since these plasminogen activators come from different sources, which 
express their fibrinolytic activity in different units and often do not provide absolute amount 
of protein in their preparations. 

Having equalized enzymatic activities of these four proteases, we compared rates of 
dissolution of pure fibrin clots containing plasminogen by equally enzymatically potent 
doses of plasminogen activators. We found that in this model system free of effects of 
plasma inhibitors, all four plasminogen activators produce equally effective, 100% 
fibrinolysis with similar kinetics. 

However, when we tested dissolution of clots formed from human plasma (e.g., containing 
plasma inhibitors), we found that only Tenektase produces fibrinolysis that was similar to 
that of pure fibrin clot. Other fibrinolytics showed markedly lower extent of fibrinolysis, due 

18 



Vladimir Muzykantov, Pi, DAMD 17-02-1-0197 
"ICAM Targeting in Acute Lung Injury" 

Second Annual Progress Report 

to inhibition by plasma inliibitors. Tliis experiment revealed the following order of resistance 
to plasma inhibitors: Tenektase>tPA»Retavase>urokinase. 

In the next pilot series, we injected these plasminogen activators in mice and took samples 
of blood at 10 and 60 min post injection. Clots formed from blood were allowed to dissolve 
at 37oC (background level of spontaneous dissolution of blood clots under these conditions 
did not exceed 10% by 2-3 hours incubation at 37oC). We found that blood clots formed 10 
min post injection tPA, Retavase or Tenektase display similar extent of acceleration of 
fibrinolysis, whereas injection of urokinase did not cause significant acceleration of 
fibrinolysis. However, only blood clots formed from blood taken 60 min after injection of 
Tenektase displayed marked acceleration and augmentation of fibrinolysis, while blood 
obtained 60 min after injection of either tPA or Retavase showed no enhanced fibrinolytic 
activity. Our pilot study using radiolabeled tPA and Tenektase revealed that the latter 
circulates for markedly longer time. 

Therefore, these pilot data obtained in vitro and in vivo indicate that Tenektase, which is 
resistant to plasma inhibitor and retains its fibrinolytic activity for a prolonged time in the 
bloodstream, is optimal plasminogen activator derivative for targeting to CAM. 

B.4.2. Design of anti-CAM single-chain antigen-binding fragment, anti-PECAM scFv. 
In order to provide thromboprophylaxis in ALI, we proposed to deliver fibrinolytics to 
endothelial CAM. Importantly, endothelial cells normally poorly internalize monomolecular 
ligands of these cell adhesion molecules. Therefore, a monomolecular anti-CAM conjugate 
would reside for a relatively prolonged time on the luminal surface of endothelial cells, an 
ideal strategic position for its fibrinolytic effects. Methods for conjugating with antibodies 
include chemical covalent coupling (e.g., using bi-functional cross-linking agents, such as 
SPDP) and non-covalent coupling (e.g., via streptavidin-biotin or cross-linking antibodies). 
However, these conventional methods for conjugation suffer serious downsides. From a 
general, technical standpoint, a large-scale production of standard protein conjugates using 
chemical means is almost impossible. More specifically, it is very difficult to obtain pure 
monomolecular conjugates. However, conjugates containing polyvalent anti-CAM will 
undergo internalization and disappear from the lumen, hence lost therapeutic effect. 

Creation of genetically engineered fusion proteins, which combine a specific target-binding 
site of the affinity moiety (single chain antigen-binding fragment, or scFv) and fibrinolytics 
might help to solve most, if not all these problems. This strategy, from the general 
technological standpoint, represents the most advanced approach permitting production of 
large amounts of standard, QQ-amenable, stable recombinant products with reasonable 
shelf-lives. In addition to these technological advantages, utilization effusion proteins helps 
to solve some side effects associated with parts of antibody which are not important from 
the standpoint of delivery of anti-thrombotic effect(s), but can cause side effects (e.g., Fc- 
fragment of antibodies). Finally, fusion proteins represent exact copies of an encoded 
recombinant monomeric protein, which solves intrinsic problems associated with poor 
control of size and valency of heterogeneous chemical polymer conjugates. Therefore, 
fusion proteins will represent the most useful candidate formulations for targeted vascular 
delivery of in clinical practice. 

Based on this rationale, we teamed up with Dr. Claudia Gottstein (University of Cologne, 
Germany) to design and produce anti-CAM scFv. Due to cellular characteristics of rat 
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myeloma cells and splenocytes obtained from Immunized rats, hybridoma producing 
monoclonal antibody directed against murine PECAM (mAb 390) is more amenable to 
molecular engineering than corresponding anti-ICAM counterpart. However, our recent 
data obtained in cell cultures and in animals clearly documented that antibody conjugates 
directed to PECAM-1 or ICAM-1 can be relatively universally and easily exchanged for the 
purpose of targeting AOE and fibrinolytics to endothelial cells (Muro 2003; Murciano 2003). 
Therefore, we utilized mAb 390 hybridoma to produce anti-CAM scFv. 

The variable regions of all heavy and light chains of interest from cDNA isolated from mAb 
390 hybridoma cells have been cloned and sequenced. This step (cloning and sequencing) 
has been repeated to rule out that we accidentally pick up a PCR-caused mutation. There 
were two different heavy chains (which is unusual) and two different light chains (that's 
normal). Upon more detailed analysis of the sequences (testing whether the right number 
of amino acids is present, whether the cysteins are in the right places, whether there are 
stop codons or frame-shifts, etc) only one heavy chain and one light chain fulfilled all 
necessary criteria. Using specific primers the scFv have been assembled (the attachment 
shows the corresponding gel), produced and purified. To test its antigen-binding capacity, 
we used FACS analysis in HUVEC. Figure 10 (below) shows that scFv produced from anti- 
PECAM mAb 390 binds to endothelial cells and displays a high affinity, similar to mAb 390. 
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Figure 10. FACS analysis of anti-PECAM scFv binding to EC. Left peaks show staining secondary 
antibody control without anti-PECAM. Right (high fluorescence, red) peaks show binding of anti- 
PECAM to cells. Comparison of upper (whole IgG) and lower (soFv) panels shows almost identical 
binding down to the low nano-molar range, at which point the whole anti-PECAM shows slightly 
higher binding to EC. 

PECAM and ICAM antibodies have a good safety profile in animals. However, use of scFv 
fragments, inducing minimal, if any, side effects and immune reactions are preferable for 
clinical studies. Therefore, production of scFv enables us to translate endothelial taraetina 
means from loG and Fab-fragments to clinically more useful targeting strategies. 
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C. Key Research Accomplishments. In the second year, the experiments have been 
mostly focused on the aspects of ALI oxidant stress and targeting antloxidant enzymes for 
ALI treatment, with relatively minor experimentation on targeting of plasmlnogen activators. 
Our new results indicate that antl-CAM conjugates can serve for Intracellular targeting of 
antloxidant enzymes to endothellal Interior and their effects can be tested In new animal 
models of ALI, developed and characterized In this project. We report the following key 
research results achieved In course of pursuing the Specific Aim 2 (completed) and, at 
lesser extent, the Specific Alms 1 (completed), 3 (significantly advanced) and 4 (initiated). 

- The Intracellular traffic, destination and metabolism of internalized antl- 
CAM conjugates have been characterized. 

- Effects of auxiliary pharmacological agents chloroquine and nocodazole 
on the rate of intracellular degradation of antl-CAM conjugates in 
endothellal cells has been tested and remarkable deceleration of 
degradation has been demonstrated. 

- Multifaceted parameters characterizing quantitatively pulmonary injury In 
mice models of anti-TM/GOX and hyperoxia injury have been measured. 
Use of these parameters will permit accurate and precise characterization 
of protective effects of CAM targeting in animals. 

- Dynamics of expression of blood-accessible cell adhesion molecules and 
uptake of leukocytes in the pulmonary vasculature were quantitatively 
characterized in mice models of anti-TM/GOX and hyperoxia lung injury. 

- A novel, clinically relevant and reliable model of acute moderate oxidant 
injury in the lungs based on combined anti-TM/GOX and hyperoxia 
treatment has been developed. 

- Conjugation of SOD to antl-CAM producing enzymatically active 
conjugates of proper size (200 nm) has been designed and excelled. 

- Specific binding of radlolabeled anti-CAM/SOD conjugate to endothelial 
cells has been verified. 

- Specific accumulation of this conjugate in the pulmonary vasculature after 
IV injection in mice has been demonstrated. 

- The optimal plasmlnogen activator (Tenektase) for antl-CAM targeting has 
been Identified, based on in vitro and in vivo fibrinolytic performance. 

- The optimal delivery moiety for targeting of plasmlnogen activators to 
CAM, single chain antl-CAM scFv 390 has been designed and produced. 

D. Reportable Outcomes 
We organized this section in a way that permits to maintain confluence of 
reported publications (which may partially overlap between the grant years, such 
as "in press in year 1" vs "published in year 2"), yet avoid double reporting of the 
results. In order to achieve this goal, we start with publications reported in the 
previous years of ttie grant in Italics, followed by an extra-space and a list of 
publications within the current funding year. 

D. 1. Full-size pubiications (* papers in which tlie PI is senior author): 
1.       S.Muro, R.Wiewrodt, A.Thomas, L.Koniaris, S.AIbelda, V.Muzykantov* 
and M.Koval (2003) A novel endocytic pathway induced by clustering endothelial 
ICAM-1 orPECAM-1. J Cell Sci. 2003;116(Pt 8):1599-1609 
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2. V. Muzykantov (2003) Targeting pulmonary endothelium. in: "Biomedical 
Aspects of Drug Targeting", Vladimir Muzykantov and Vladimir Torcfiilin, Eds., 
Kluwer Academic Publishers, Boston-Dodrecht-London, pages 129-148 

3. J.C.Murciano, S.Muro, L.Koniaris, M.Christofidou-Solomidou, D.Harshaw, 
S.AIbelda, D.Granger, D.Cines and V.R.Muzykantov* (2003) ICAM-directed 
vascular immunotargeting of anti-thrombotic agents to the endothelial luminal 
surface. Blood, 101:3977-1984 
4. S.Muro, X.Cui, C.Gajewski, V.Muzykantov* and M.Koval (2003) Slow 
intracellular trafficking of catalase nanoparticles targeted to ICAM-1 protects 
endothelial cells from oxidative stress. Am.J.Physiol., Cell Physiol., 
285(5):C1339-47. 
5. V.Shuvaev, T.DziubIa, R.Wiewrodt, and V.Muzykantov* (2004) 
Streptavidin-biotin cross-linking of therapeutic enzymes with carrier antibodies: 
nanoconjugates for protection against endothelial oxidative stress. In: 
"Bioconjugation Strategies", C.Niemeyer, Ed., Humana Press (in press) 
6. S.Muro, V.Muzykantov* and J.Murciano (2004) Characterization of 
endothelial internalization and targeting of antibody-enzyme conjugates in cell 
cultures and in laboratory animals". In: "Bioconjugation Strategies", C.Niemeyer, 
Ed., Humana Press (in press) 
7. S.Muro, M.Koval and V.Muzykantov* (2004) Endothelial endocytic 
pathways: gates for vascular drug delivery. Current Vascular Pharmacology, in 
press 

D.2. Published presentations at international and national scientific conferences. 
1. S.Muro, A.Thomas, V.Muzykantov, M.Koval (2002) PKc-mediated 

endocytosis of conjugates targeted to ICAM-1. Abstracts of Experimental 
Biology 2002 Meeting, New Orleans, LA, April 20-24, 2002 (A.382.12) FASEB 
J.,2002, 16(4),pA439 

2. A.Scherpereel, J.C.Murciano, R.Wiewerodt, S.Kennel, V.Muzykantov, 
M.Christofidou-Solomidou (2002) Glucose oxidase vascular immunotargeting 
to pulmonary endothelium enhances luminal expression of ICAM-1 and P- 
selectin in the lung. Abstracts of Experimental Biology 2002 Meeting, New 
Orleans, LA, April 20-24, 2002 (A.382.13) FASEB J., 2002, 16(4),pA439 

3. S. Muro, M.Koval, A.Thomas and V.Muzykantov (2002) Affinity carriers 
targeted ICAM-1: trafficking into endothelial cells. Abstracts of American 
Thoracic Society International Conference, Atlanta, GA, May 17-22, 2002; 
Am.J.Resp.Crit.Care Med., 2002; 165 (4):A101 

4. A.Thomas, T.Sweitzer, R.Wiewrodt, S.Muro, M.Koval and V.Muzykantov 
(2002) Size-dependent intracellular targeting of immunoconjugates directed 
against endothelial surface adhesion molecules. Abstracts of XIV World 
Congress of Pharmacology, San Francisco, CA July 7-12, 2002; 
Pharmacologist, 2002, 44, #2 (suppl. 1), 61.2 

5. S.Muro, T.Sweitzer, R.Wiewrodt, L.Koniaris, A.Thomas, S.AIbelda, M.Koval 
and V.Muzykantov (2002) Kinetics of intracellular immunotargeting to 
endothelium via adhesion molecules. Ibid, 61.3 

6. V.Muzykantov (2002) Catalase immunotargeting: protection against oxidative 
stress in the pulmonary vasculature. Abstn Int.Symposium "Reactive Oxygen 
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and Nitrogen Species", StPetersburg-Kizhi, Russia, 8-12 July, 2002, Pal ma 
Press, Moscow, p.58 

7. M.Christofidou, S.Muro, J.Murciano, M.Barry, A.Thomas, V.Shuvaev, 
S.AIbelda, D.Cines and V.R.Muzykantov (2003) Targeting endothelial 
surface adhesion molecules. Abstr. Symposium of Vector Targeting, Cold 
Spring Harbor, NY, March 20-22, 2003, page 19) 

8. M.Christofidou, A.Scherpereel, A.Boyen, E.Arguiri, V.Shuvaev, S.Kennel and 
V.Muzykantov (2003) Hyperoxia potentiates oxidative injury in murine lungs 
induced by glucose oxidase targeted to thrombomodulin. Abstr., Experimental 
Biology Meeting, San Diego, CA, April 11-15, 2003; FASEB J., 2003; 17(4) 
part I, page A247 

9. S.Muro, X.Cui, C.Gajewski, M.Koval, V.Muzykantov (2003) Pharmacological 
Modulation of Intracellular Trafficking and Lysosomal Degradation Prolongs 
the Anti-oxidant Effect of Catalase Conjugates Delivered into Endothelial 
Cells via ICAM-1. Abstr. 11*^ Intern.Symp. Recent Advances in Drug Delivery 
Systems, Salt Lake City, UT, March 3-6, 2003 (#014) 

lO.M.Christofidou-Solomiudou, B.Kozower, A.Scherpereel, T.Szeitzer,, S.Muro, 
R.Wiewrodt, V.Shuvaev, A.Thomas, M.Koval, A.Patterson, S.AIbelda and 
V.Muzykantov. Targeting of antioxidants to adhesion molecules (2003) 
Inflammation Research, 52, Suppl.2, p.S81 (Abstracts of 6*^ World Congress 
on Inflammation, Vancouver, Canada, August 2-6, 2003) 

lI.E.Berk, V.Muzykantov and S.Muro (2003) Binding and uptake of anti-ICAM-1 
coated nanoparticles by flow-adapted endothelial cells. Abstr. 9* Annual 
Respiration Research Retreat of the University of Pennsylvania, Sugarloaf 
Conference Center, Philadelphia, OA, June 20, 2003, #9 

12.M.Christofidou-Solomidou, A.Scherpereel, A.Bohen, E.Arguiri, V.Shuvaev, 
S.Kennel, V.Muzykantov (2003) Hyperoxia potentiates oxidative injury in 
murine lungs induced by glucose oxidase targeted to thrombomodulin. Ibid, 
#16 

13. S.Muro, C.Gajewsky, M.Koval, V.Muzykantov (2003) Slow intracellular 
degradation of ICAM-1 or PECAM-1 targeted catalase nanoparticles protects 
endothelial cells from oxidative stress. Ibid, #49 

14. V.Shuvaev, S.TIiba, T.DziubIa, V.Muzykantov (2003) Combined 
immunoconjugate delivery of CuZnSOD and catalase to human endothelial 
cells and their protection against oxidative stress. Ibid, #55 

D. 3. Unpublished presentations at scientific conferences and invited seminars. 
Dr. V.Muzykantov presented the results of this project in the following invited 
lectures: 

05/24/02   Invited Speaker, ATS International Conference, Atlanta, GA: 
"Targeting antioxidant enzymes to the pulmonary vasculature" 

07/10/02   Invited Speaker, International Symposium "Reactive Oxygen Species", 
St.Petersburg, Russia, 
"Intracellular delivery of catalase to endothelium" 

09/31/02   University of Cologne, Germany 
"Delivery of therapeutics to the pulmonary vasculature" 

10/01/02   University of Mainz, Germany 

23 



Vladimir Muzykantov, PI, DAMD 17-02-1-0197 
"ICAM Targeting in Acute Lung Injury" 

Second Annual Progress Report 

"Targeting endothelial cell adhesion molecules" 
10/03/02   Urbino University, Italy 

"Novel strategies for vascular delivery of anti-thrombotic agents" 
12/16/02   Centocor, Radnor, PA 

"Perspectives for translation of ttie vascular immunotargeting into ttie 
clinical domain" 

02/24/03   {Harvard University/MGH, Department of Radiology 
"Targeting of enzymes to surface adhesion molecules" 

03/05/03 

04/04/03 

06/24/03 

07/30/03 

08/10/03 

09/12/03 

10/02/03 

11/21/03 

01/21/04 

Invited Speaker,  International Symposium of Controlled Release and 
Advanced  Drug  Delivery  Systems,  Salt  Lake  City,   Utah:  "Vascular 
Immunotargeting of Antioxidant Enzymes to Endothelial Cells" 
Department of Pharmacogenetlcs, Pittsburgh University, PA: "Delivery of 
antioxidants to pulmonary endothelium". 
Department of Cardiology, Emory University School of Medicine, Atlanta, 
GA: "Targeting antioxidant enzymes via cell adhesion molecules" 
Department of Pharmaceutical Sciences, University of Nebraska, Omaha: 
"Molecular design of drug delivery systems for targeting endothelium". 
Invited   Speaker,   6*^  World   Congress  on   Inflammation  (International 
Association   Inflammation   Societies   Congress,   lAIS),   August   2-6*"^, 
Vancouver, Canada: "Targeting endothelial cell adhesion molecules" 
Keynote   Speaker,   4*""   Annual   Colloqium   "Cellular   and   Molecular 
Biomechanics", University of Virginia, Charlottesville, VA: "New horizons 
in targeting endothelial cell adhesion molecules" 
Cardio-Pulmonary Research Institute, Winthrop University Hospital, SUNY 
at Stony Brook School of Medicine, Mineola, NY: "Novel strategies for 
protection against oxidant pulmonary stress". 
Department    Molecular    Cardiology,    Cleveland    Clinic    Foundation, 
Cleveland, OH: "Drug targeting to endothelial cells" 
Invited Discussant, Transatlantic Airway Conference "Gene and Drug 
Therapies of Airway Diseases", Lucerne, Switzerland 

D.4. Graduate Students Training 
Mr. Rudy Fuentes, a Graduate Student of the University of Pennsylvania 
Pharmacology Graduate Group, completed 2003 fall semester rotation training in 
the Muzykantov's lab. Mr. Fuentes studied effects of biotinylation and conjugation 
with anti-CAM on biochemical properties of SOD. 
Ms. Anu Thomas, a Graduate Student of the Philadelphia University of Science, 
enlisted for her Ph.D. Thesis experimental studies in Muzykantov's lab since fall 
semester of 2004. Ms. Thomas studies mechanisms of internalization of anti- 
CAM conjugates in endothelial cells. 

D.5. Special Honors and Recognition by the Scientific Community. 
1. Dr. Muzykantov has been invited to the Gordon Research Conference 
"Oxygen Radicals in Biology" (Ventura, CA, February 8-13, 2004) to give a talk: 
"Targeting antioxidant enzymes to vascular endothelium". Traditionally, talks at 
GRC (that is regarded as the highest-level scientific forum) are not published in 
order to permit unlimited sharing of fresh research data with peers. 
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2. Dr. Muzykantov organized and chaired a Symposium on Targeted Drug 
Delivery at 6*^ World Congress on Inflammation (International Association 
Inflammation Societies Congress, lAIS), August 2-6*^, Vancouver, Canada 

3. Dr. Muzykantov has been invited as a Keynote Speaker to 4'^ Annual 
Colloqium "Cellular and Molecular Biomechanics", University of Virginia, 
Charlottesville, VA (September 12*^ 2003). 
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E. Conclusions. 
We have characterized intracellular traffic, final destination, metabolism and 
duration of anti-CAM conjugates internalized by endothelial cells. 

Further, we found that use of auxiliary drugs, which in a controlled fashion alter 
intracellular traffic or lysosomal degradation, markedly prolongs duration and 
activity of internalized anti-CAM conjugates. 

We have characterized proposed animal models of acute oxidant pulmonary 
injury (treatment of mice with anti-TM/GOX or exposure to hyperoxia) using 
quantitative analysis of several specific (tissue oxidation, leukocyte influx) and 
general (lung edema, surrogate markers) parameters of lung injury. Use of these 
measurements will allow accurate and precise characterization of tentative 
protective effects of anti-CAM targeting of AGE and fibrinolytics. 

We also characterized expression of cell adhesion molecules on the luminal 
surface of pulmonary vascular cells in mice treated with anti-TM/GOX or exposed 
to hyperoxia, thus documenting yet one more parameter of lung pro-inflammatory 
changes in the proposed models of human ALL 

We studied role of neutrophils in these animal models of human ALI by blocking 
interactions of blood leukocytes with these cell adhesion molecules and 
neutrophils elimination. We found that PMN efflux into the pulmonary vasculature 
and lung tissue provides only little, if any, augmentation of the injury. 

Using a combined treatment of mice with sub-toxic levels of anti-TM/GOX and 
hyperoxia, we developed a new, reliable and testable model of acute pulmonary 
oxidant stress, highly relevant to human ALI. 

We designed and produced anti-CAM/SOD conjugate of a proper targeting size, 
enzymatic activity and affinity to endothelial cells, which accumulates in the 
pulmonary vasculature after intravenous injection in mice. 

Using in vitro and in vivo studies of fibrinolysis of plasma clots, we have selected 
a candidate fibrinolytic agent (Tenektase) that displayed optimal profile for 
targeting to pulmonary endothelium. 

In order to produce monomolecular conjugates of fibrinolytics for surface 
targeting, we have designed and obtained a high-affinity anti-CAM scFv, which 
will also provide an ideal basis for subsequent translation into the clinical domain. 

The general conclusion is that the achieved research progress: i) corresponds to 
the SOW and research plan projected for first two years of the grant; ii) indicates 
the feasibility of the studies projected for years 3 and 4; and, ill) further supports 
high probability of general success of the proposed project. 
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G. References. In this section we provide exclusively references to the published 
studies from our group. Other publications pertinent to this report can be found in 
the original grant and attached appendix items. 

1. S.Muro, R.Wiewrodt, A.Thomas, L.Koniaris, S.AIbelda, V.Muzykantov* 
and M.Kova! (2003) A novel endocytic pathway induced by clustering 
endothelial ICAM-1 or PECAM-1. J Cell Sci. 2003 Apr 15;116(Pt 8): 1599- 
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3. A.Scherpereel, J.C.Murciano, R.Wiewerodt, S.Kennel, V.Muzykantov, 
M.Christofidou-Solomidou (2002) Glucose oxidase vascular 
immunotargeting to pulmonary endothelium enhances luminal expression 
of ICAM-1 and P-selectin in the lung. Abstracts of Experimental Biology 
2002 Meeting, New Orleans, LA, April 20-24, 2002 (A.382.13) FASEB J., 
2002, 16(4), pA439 

4. S. Muro, M.Koval, A.Thomas and V.Muzykantov (2002) Affinity carriers 
targeted ICAM-1: trafficking into endothelial cells. Abstracts of American 
Thoracic Society International Conference, Atlanta, GA, May 17-22, 2002; 
Am.J.Resp.Crit.Care Med., 2002; 165 (4):A101 

5. J.C.Murciano, S.Muro, L.Koniaris, M.Christofidou-Solomidou, D.Harshaw, 
S.AIbelda, D.Granger, D.Cines and V.R.Muzykantov* (2003) ICAM- 
directed vascular immunotargeting of anti-thrombotic agents to the 
endothelial luminal surface. Blood, 101:3977-1984 

6. S.Muro, X.Cui, C.Gajewski, V.Muzykantov* and M.Koval (2003) Slow 
intracellular trafficking of catalase nanoparticles targeted to ICAM-1 
protects endothelial cells from oxidative stress. Am.J.Physlol., Cell 
P/7ys/o/., 285(5):C1339-47. 

7. V.Shuvaev, T.DziubIa, R.Wiewrodt, and V.Muzykantov* (2004) 
Streptavidin-biotin cross-linking of therapeutic enzymes with carrier 
antibodies: nanoconjugates for protection against endothelial oxidative 
stress. In: "Bioconjugation Strategies", C.Niemeyer, Ed., Humana Press 
(in press) 

8. S.Muro, V.Muzykantov* and J.Murciano (2004) Characterization of 
endothelial internalization and targeting of antibody-enzyme conjugates in 
cell cultures and in laboratory animals". In: "Bioconjugation Strategies", 
C.Niemeyer, Ed., Humana Press (in press) 

9. S.Muro, M.Koval and V.Muzykantov* (2004) Endothelial endocytic 
pathways: gates for vascular drug delivery. Current Vascular 
Pharmacology, in press 
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Appendices 
Attached are: 

1. J.C.Murciano, S.Muro, L.Koniaris, M.Christofidou-Solomidou, D.Harshaw, 
S.AIbelda, D.Granger, D.Cines and V.R.Muzykantov* (2003) ICAM- 
directed vascular immunotargeting of anti-thrombotic agents to the 
endothelial luminal surface. Blood, 101:3977-1984 

2. S.Muro, X.Cui, C.Gajewski, V.Muzykantov* and M.Koval (2003) Slow 
intracellular trafficking of catalase nanoparticles targeted to ICAM-1 
protects endothelial cells from oxidative stress. Am.J.Physiol., Cell 
Physiol., 285(5):C1339-47. 

3. V.Shuvaev, T.DziubIa, R.Wiewrodt, and V.Muzykantov* (2004) 
Streptavidin-biotin cross-linking of therapeutic enzymes with carrier 
antibodies: nanoconjugates for protection against endothelial oxidative 
stress. In: "Bioconjugation Strategies", C.Niemeyer, Ed., Humana Press 
(in press) 

4. S.Muro, V.Muzykantov* and J.Murciano (2004) Characterization of 
endothelial internalization and targeting of antibody-enzyme conjugates in 
cell cultures and in laboratory animals". In: "Bioconjugation Strategies", 
C.Niemeyer, Ed., Humana Press (in press) 

5. S.Muro, M.Koval and V.Muzykantov* (2004) Endothelial endocytic 
pathways: gates for vascular drug delivery. Current Vascular 
Pharmacology, in press 

6. M.Christofidou, S.Muro, J.Murciano, M.Barry, A.Thomas, V.Shuvaev, 
S.AIbelda, D.Cines and V.R.Muzykantov (2003) Targeting endothelial 
surface adhesion molecules. Abstr. Symposium of Vector Targeting, Cold 
Spring Harbor, NY, March 20-22, 2003, page 19) 

7. M.Christofidou, A.Scherpereel, A.Boyen, E.Arguiri, V.Shuvaev, S.Kennel 
and V.Muzykantov (2003) Hyperoxia potentiates oxidative injury in 
murine lungs induced by glucose oxidase targeted to thrombomodulin. 
Abstr., Experimental Biology Meeting, San Diego, CA, April 11-15, 2003; 
FASEB J., 2003; 17(4) part I, page A247 

8. S.Muro, X.Cui, C.Gajewski, M.Koval, V.Muzykantov (2003) 
Pharmacological Modulation of Intracellular Trafficking and Lysosomal 
Degradation Prolongs the Anti-oxidant Effect of Catalase Conjugates 
Delivered into Endothelial Cells via ICAM-1. Abstr. 11* Intern.Symp. 
Recent Advances in Drug Delivery Systems, Salt Lake City, UT, March 3- 
6, 2003 (#014) 

9. M.Christofidou-Solomiudou, B.Kozower, A.Scherpereel, T.Szeitzer,, 
S.Muro, R.Wiewrodt, V.Shuvaev, A.Thomas, M.Koval, A.Patterson, 
S.AIbelda and V.Muzykantov. Targeting of antioxidants to adhesion 
molecules (2003) Inflammation Research, 52, Suppl.2, p.S81 (Abstracts 
of 6* World Congress on Inflammation, Vancouver, Canada, August 2-6, 
2003) 

10. E.Berk, V.Muzykantov and S.Muro (2003) Binding and uptake of anti- 
ICAM-1 coated nanoparticles by flow-adapted endothelial cells. Abstr. 9*"^ 
Annual Respiration Research Retreat of the University of Pennsylvania, 
Sugarloaf Conference Center, Philadelphia, OA, June 20, 2003, #9 
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11. M.Christofidou-Solomidou, A.Scherpereel, A.Bohen, E.Arguiri, V.Shuvaev, 

S.Kennel, V.Muzykantov (2003) Hyperoxia potentiates oxidative injury in 
murine lungs induced by glucose oxidase targeted to thrombomodulin. 
Ibid, me 

12. S.IVIuro, C.Gajewsky, JVI.Koval, V.Muzykantov (2003) Slow intracellular 
degradation of ICAM-1 or PECAM-1 targeted catalase nanoparticles 
protects endothelial cells from oxidative stress. Ibid, #49 

13. V.Shuvaev, S.TIiba, T.DziubIa, V.Muzykantov (2003) Combined 
immunoconjugate delivery of CuZnSOD and catalase to human 
endothelial cells and their protection against oxidative stress. Ibid, #55 
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HEMOSTASIS, THROMBOSIS, AND VASCULAR BIOLOGY 

I    1 

ICAM-directed vascular immunotargeting of antithrombotic agents 
to the endothelial luminal surface 
Juan-Carlos Murciano, Silvia Muro, Lauren Konlaris, Melpo Chrlstofldou-Solomidou, David W. Harshaw, Steven M. Albelda, 

D. Nell Granger, Douglas B. CInes, and Vladimir R. Muzykantov 

,^V 
Drug targeting to a highly expressed, 

noninternalizabie determinant up-regulated 

on the perturbed endothelium may help to 

manage inflammation and thrombosis. We 

tested whether Inter-cellular adhesion mole- 

cule-1 (ICAM-1) targeting is suitable to de- 

liver antithrombotic drugs to the pulmonary 

vascular lumen. ICAM-1 antibodies bind to 

the surface of endothelial cells in culture, in 

perfused lungs, and in vivo. Proinflamma- 

tory cytokines enhance anti-ICAM binding 

to the endothelium without inducing internal- 

Introduction    

izatlon. ^^°l-labeled anti-ICAM and a reporter 

enzyme (p-Gal) conjugated to anti-ICAM bind 

to endothelium and accumulate in the lungs 

after intravenous administration in rats and 

mice. Anti-ICAM is seen to localize predomi- 

nantly on the luminal surface of the pulmo- 

nary endothelium by electron microscopy. 

We studied the pharmacological effect of 

ICAM-directed targeting of tissue-type plas- 

minogen activator (tPA). Anti-ICAM/tPA, but 

not control IgG/tPA, conjugate accumulates 

in the rat lungs, where it exerts plasminogen 

activator activity and dissolves fibrin micro- 

emboli. Therefore, ICAM may serve as a 

target for drug delivery to endothelium, for 

example, for pulmonary thromboprophy- 

laxis. Enhanced drug delivery to sites of 

inflammation and the potential anti-inflam- 

matory effect of blocking ICAM-1 may en- 

hance the benefit of this targeting strategy. 

(Blood. 2003;101:3977-3984) 

© 2003 by The American Society of Hematology 

Thrombosis and inflammation are often intertwined processes that 
contribute to cardiovascular morbidity and mortality. In many 
cases, the pulmonary vasculature is the major site of vascular inflamma- 
tion and thrombosis, and considerable efforts have been expended to 
develop strategies to target drugs to this site. Yet current methods to 
manage inflammation-related thrombosis remain suboptimal.''-' 
For example, targeting fibrin and activated platelets promotes the 
deUvery of antithrombotic agents to existing blood clots, for example, 
in coronary vessels.*'' However, targeting components of preformed 
clots has afforded only modest improvements in experimental models, 
likely due to limited penetration,* and such clot-targeting strategies are 
unlikely to be useful for thromboprophylaxis. 

Targeted delivery of antithrombotic drugs to the vascular 
lumen, including those involved by inflammation, prior to clot 
formation may permit thromboprophylaxis in patients with a high 
propensity for thrombosis. Theoretically, overexpression of certain 
antithrombotic proteins by vascular endothelial cells themselves 
would help to achieve this goal.'''' However, gene therapies 
currently are not suitable to manage acute conditions.'° 

Immunotargeting of therapeutic proteins may provide a comple- 
mentary strategy suitable for more immediate interventions. Anti- 
bodies to diverse determinants are being explored as affinity 
carriers for drug targeting to endothelium."'' A poorly intemaliz- 
able, high-density, and stably exposed determinant on the endothe- 

lial surface, up-regulated and functionally involved in vascular 
thrombosis and inflammation, would provide an ideal target for 
antithrombotic proteins. Previous data indirectly suggest that 
inter-cellular adhesion molecule-1 (ICAM) may provide such a 
target to deliver anti-inflammatory and, perhaps, antithrombotic 
agents.'*'^" However, neither the endothelial intemalization of ICAM 
antibodies (anti-ICAM) nor the tissue distribution, localization, activity, 
and effects of ICAM-targeted therapeutics have been characterized. 

In this work we studied ICAM-directed immunotargeting to 
endothelium in cell cultures, perfused lungs, and animals, and 
found that (1) anti-ICAM is not internalized efficiently by the 
endotheUum, (2) cytokine up-regulation of ICAM expression 
augments surface targeting, but not intemalization, of anti-ICAM, 
(3) anti-ICAM can be used to produce either intemalizable 
(100-200 nm diameter) or noninternalizabie (approximately 1 (jum) 
conjugates, and (4) ICAM targeting deUvers active tPA to the 
pulmonary vascular lumen and facilitates intravascular fibrinolysis. 

Materials and methods 
The materials used were Na'^'I and Na"'I from Perkin-Elmer (Boston, 
MA), iodogen, streptavidin (SA), and 6-biotinylaminocaproic acid N- 
hydroxysuccinimide ester from Pierce (Rockford, IL), human recombinant 
tPA from Genentech (San Francisco, CA), p-galactosidase-streptavidin 
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conjugate (SA-P-Oal) from Sigma (St Louis, MO), cliromogenic tPA 
substrate, Spectrozyme tPA, a kind gift from American Diagnostica 
(Greenwich, CT), and fluorescein-labeled transferrin or SA from Molecular 
Probes (Eugene, OR). Monofclonal (IgG) antibodies were mAb R6,5,*' 
mAb 1A29,2^ and mAb YNl^' against human, rat, and murine ICAM-1; 
mAb 9B9 against iiuman and rat angiotensin-converting enzyme (ACE)^; 
and mAb 1009 and mAb 311 against human and murine thrombomodulin, 
TM." Antibodies against IgG (fluorescent-labeled or gold-conjugated) 
were from Jackson Immunoresearch (West Grove, PA) and Amersham 
(Piscataway, NJ). 

Conjugation and size determination 

Antibodies, IgG, and tissue-type plasminogen activator (tPA) were biotinyl- 
ated and radiolabeled using lodogen without loss of activity, as described.^ 
The number of biotin residues per molecule of protein was determined by 
Immunopure-HABA assay (Pierce) as per manufacturer instructions. Biotin- 
ylated tPA or P-Gal was coupled to biotinylated antibodies using streptavi- 
din cross-linking following a 3-step procedure described in detail previ- 
ously.^'-' The size of the resuhing conjugates was determined by dynamic 
light scattering, as described.*'"-' The conjugates are designated hereafter as 
anti-lCAM/p-Gal and IgG/p-Gal or anti-ICAM/tPA and IgG/tPA. 

Cell culture experiments 

Surface binding and intracellular uptake of "'I-labeled antibodies were 
measured in cultures of human umbilical vein endothelial cells (HUVECs, 
from Clonetics) and a human mesothelioma cell line expressing ICAM-1 
(REN cells) as described previously for anti-platelet-endothelial cell 
adhesion molecule (PECAM).^* Control and tumor necrosis factor a 
(TNFa)-challenged cells were incubated for 1 hour at either 4°C or 3TC 
with "Sf-anti-ICAM, 'Ml-anti-ACE, '^'I-anti-TM, or «5i_{.on,rol IgG. 
After washing, surface-bound antibodies were eluted with glycine, while 
internalized antibodies were measured in the cell lysates. 

Suspended control or TNFa-treated HUVEC and REN cells were 
incubated with 30 (ig/mL anti-lCAM or anti-TM for 1 hour at 4°C, washed, 
counterstained with fluorescein isothiocyanate (FrrC)-labeled goat anti- 
mouse IgG (30 minutes at 4°C), resuspended in phosphate-buffered saline 
(PBS), and analyzed by fluorescence-activated cell-sorter scanner (FACS). 

Cellular localization of anti-ICAM was visualized using immunofluores- 
cence at magnification X 60 or X 40. TNFa-treated cells were incubated 
with 10 ng/mL anti-ICAM for 1 hour at either 4°C or 37^ in 1% bovine 
serum albumin (BSA)-containing medium. After washing and fixation, the 
surface-associated anti-ICAM was stained with Texas Red-labeled goat 
anti-mouse IgG. Thereafter, internalized anti-ICAM was counterstained in 
permeabilized cells using FITC-labeled goat anti-mouse IgG. Fluorescein- 
labeled transferrin was used as a control for intemalizable ligand in parallel 
wells. In separate experiments, rat pulmonary microvascular endothelial 
cells (RPMVECs) were incubated with anti-ICAM/SA-Texas Red conju- 
gates of different sizes (100-200 nm or approximately 1 ^.m) for 1 hour at 
37°C. After cell fixation, surface-bound conjugates were counterstained 
with an FITC-labeled goat anti-mouse IgG. 

Experiments in isolated perfused rat lungs (IPL) 

Lungs were isolated from anesthetized male 170-200 g Sprague-Dawley 
rats following protocols approved by the University of Pennsylvania 
Institutional Animal Care and Use Committee (lACUC) and were venti- 
lated and perfused for 1 hour at 37°C or 4''C with Krebs ringer buffer 
(KRB)-BSA buffer containing '^'I-labeled antibodies (1 (xg, unless indi- 
cated othenvise), followed by nonrecirculating perfusion with KRB-BSA, 
as described.*''" In separate experiments, 100 |jig nonradiolabeled, biotin- 
ylated anti-ICAM or anti-ACE was perfused for 1 hour at 37°C. '*'I-labeled 
streptavidin ('^'I-SA) was added to the perfusate immediately after washing 
the unbound antibody or after an additional 60 minutes of nonrecycling 
perfusion to measure surface-accessible b-anti-ICAM. 

"*l-anti-ICAM biodistribution in rats 

Anesthetized rats and mice were killed 1 hour after a tail-vein injection of a 
mixmre of "si_anti-ICAM and "'I-IgG (10 |jig each), and the radioactivity 

in blood and major organs (washed with saline, blotted dry, and weighed) 
was measured to calculate the parameters of targeting: percent of injected 
dose per organ (%ID) or per gram (%ID/g), organ-to-blood ratio (localiza- 
tion ratio, LR), and immunospecificity index (ISI) (see Murciano et al*' and 
Danilov et aP' for details). 

Biodistribution and tissue localization of anti-ICAM and 
anti-ICAM/p-Gal conjugates in animals 

The tissue localization of enzymatically active anti-ICAM/p-Qal I hour 
after the tail-vein injection of 100 (ng conjugate in BALB/c mice was 
visuaKzed by histological analysis of X-Gal staining in the tissues, as 
described previously for anti-PECAM/p-Gal conjugate.** In a similar 
experiment, lungs were processed for electron microscopy and developed 
using a gold-conjugated secondary antibody, as described.** 

Characterization of tPA activity in lung tissue 

Anti-ICAM/tPA conjugate or control preparations (IgG/tPA and tPA) were 
perfused in IPL for 1 hour; unbound materials were eliminated by a 
5-minute nonrecycling perfusion. In one series, lungs were perfiised with 3 
M-g '*'I-labeled tPA conjugated to either anti-ICAM or IgG, and the 
radioactivity was measured. In the next series, aliquots of lung homoge- 
nates obtained after perfusion of 100 |«,g of unlabeled tPA conjugates were 
added to '*'I-labeled fibrin clots, formed as described previously,** and the 
release of '*'Iodine into the supernatant at 37°C was measured. In the next 
series, 750 p.L of a 0.4 mM/L solution of a chromogenic tPA substrate was 
infused into the lung via the pulmonary artery for 20 minutes, and the 
optical density at 405 nm in the outflow perfiisate was measured. In the last 
series, a suspension of '*'I-labeled fibrin microemboli ('^'I-ME, 3-10 
micron diameter), prepared as described previously,'* was infused into the 
common pulmonary artery after perftision with either anti-ICAM/tPA or 
IgG/tPA. '2'1-ME lodge and degrade slowly in intact isolated perfused rat 
lungs.* The lungs were perfused for 1 hour with buffer containing 20% 
plasma as a source of plasminogen, and the residual radioactivity in the 
lungs was measured. 

Statistics 

A t test or a one-way analysis of variance (ANOVA) (SigmaStat 2.0) was 
used to determine statistically significant differences (P < .05) between 
groups. Post hoc testing was performed with Fisher Least Square difference 
test. Data are shown as mean ± SEM unless otherwise stated. 

Results 

Endothelial cells internalize anti-ICAM inefficiently 

'*'I-anti-ICAM, but not control IgG, bouod speciically to unstimu- 
lated endothelial cells (HUVECs) (Figure 1 A). Eighty-ive percent 
of the '*5l-anti-ICAM bound to cells at 37°C was eluted by glycine 
one hour later, compared with 90%-95% bound at 4°C (not shown). 

«.    « 

'^r 

and-ACE      antl-TM      antHCAM 

Figure 1. Rssting endothelial cells bind but do not internalize i^l-antl-ICAM. 
(A) HUVECs were Incubated with i25|_anti-ICAM or «5|-lgG (1 hour, 37°C), and 
radioactivity was determined in the surface fraction (glycine eiution, @) and in tiie cell 
lysates p). (B) Percent of intemaiization of «5|-labeled antibodies against ACE, TM, 
and ICAM-1 by HUVECs at either 4°C P) or 37°C P). The data are expressed as 
means ± SD (n = 3). 
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Consistent with this, approximately 10% of bound anti-ICAM was 
internalized by 60 minutes at 37°C versus approximately 60% of 
i25l-anti-ACE and '"l-anti-TM (Figure IB). Therefore, resting 
endothelial cells internalize anti-ICAM inefficiently, leaving ap- 
proximately 90% of the antibody on the cell surface. 

Anti-ICAM uptake in tlie perfused rat lungs (IPL) 

We then asked whether anti-ICAM was handled similarly by intact 
vascular endothelium under flow. Rat IPLs were perfused with 
'25l-anti-ICAM or control '^'I-IgG in a blood-free buffer. '^^I-anti- 
ICAM bound specifically to the lungs (Figure 2A), reaching 
saturation at approximately 10 ng per gram of tissue. Scatchard 
analysis (inset) revealed that rat lungs contain approximately 
5 X 10" anti-ICAM binding sites per gram (approximately 1.5- 
2.5 X 10'binding sites per endothelial cell). 

We then examined the intemalization of anti-ICAM and anti- 
ACE in IPL. Pulmonary uptake of i25i_anti-ACE was markedly 
lower at 6°C than at 37°C, likely due to inhibition of the 
energy-dependent uptake of antibody. In contrast, practically the 
same uptake of '^'I-anti-ICAM was seen at 6°C and at 37°C 
(Figure 2B). This result reflects minor, if any, contribution of an 
energy-dependent intemahzation pathway for anti-ICAM in IPL. 

The IPL setting permits sequential perfusion of ^^'I-S A immedi- 
ately or 1 hour after biotinylated antibodies, to test the accessibility 
of endothelium-bound antibodies to the circulation. Binding of 
'^'i-SA in the lungs was reduced by 70% when biotinylated 
anti-ACE was allowed to remain in the vasculature for 1 hour at 
37°C, indicating antibody disappearance from the lumen. In 
contrast, binding of '^'I-SA after perfusion of biotinylated anti- 
ICAM did not diminish with time, indicating that the endothelium- 
bound anti-ICAM remains accessible from the lumen at 37°C 
(Figure 2C). Therefore, pulmonary endothelium under flow condi- 
tions avidly binds but internalizes anti-ICAM poorly. 

TNFa stimulates anti-ICAM binding, but not intemalization 

TNFa augmented anti-ICAM binding to HUVECs but inhibited 
anti-TM binding, while REN cells, which do not express thrombo- 
modulin, bound anti-ICAM constitutively at a relatively high level 
that was augmented further by TNFa (FACS analysis. Figure 3A). 

FACS results were confirmed by ^^'lodine tracing studies using 
HUVEC monolayers. TNFa markedly augmented binding of 
•25l-anti-ICAM but not control '^si-lgG (Figure 3B). However, the 
intracellular uptake of ^^'I-anti-ICAM by TNFa-stimulated cells 
after a 1-hour incubation at 37°C was equivalent in HUVEC 
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Figure 3. TNFa increases anti-iCAIUI binding but not internaiization by endothe- 
iiai and mesotheiioma ceiis. (A) FACS analysis using anti-ICAM and anti-TM. TNFa 
suppresses expression of tiirombomoduiin (TM, upper panels) by HUVECs and 
stimulates that of ICAM-1 (lower panels) by HUVEC and REN cells. Dashed line: 
antibody-free medium; resting (open histogram) orTNFa-challenged (shaded histo- 
gram) cells. (B) i25i_anti-ICAM binding to resting and TNFa-treated HUVEC mono- 
layer. The data are shown as means ± SD, n = 4. (C) Fluorescent micrographs 
(X 60) of TNFct-stimuiated cells incubated with anti-ICAM. The cells were incubated 
at 4°C or 37°C with anti-ICAM (panels i-viii), antibody-free medium (ix, x) or 
transferrin (xi, xii). After washing and fixation the cells were sequentially stained with 
Texas Red secondary antibody, permeabilized, and counterstained with FITC-labeled 
secondary antibody (yellow, surface-bound anti-ICAM; green, internalized anti- 
ICAM). On the left, the nonpermeabllized cells were stained with both Texas Red and 
FITC-labeled antibodies (positive control for surface staining, yellow color). Green 
color corresponds to the intracellular staining (see panels xi and xii showing staining 
of HUVECs incubated with fluorescein-labeled transferrin). Insets of subpanels ix and 
X show phase contrast images in controls. Original magnification, x 60; insets 

minimized to Vg of original size. 

(11.6% ± 0.7%) and REN cells (10.1% ± 2.7%); background 
levels at4°C were 5.1% ± 0.8% and 3.2% ± 0.6%, respectively. 

These radiotracer data showing minimal (no more than 10%) 
intemahzation of anti-ICAM by cytokine-stimulated cells were 
confirmed by immunofluorescence microscopy. Figure 3C shows 
typical images  of TNFa-stimulated HUVEC  and REN cells 

B 

anti-ICAM anti-ICAiVI  anti-ACE anti-ICAI« anti-ACE 

Figure 2. i25|_anti-ICAiVl accumulates without internaiization in the isolated rat lungs. (A) Accumulation of i25|-anti-ICAM or "5|-|gG perfused for 1 hour at 37°C. Inset 
shows a Scatchard analysis of i25|_anti-ICAM binding. (B) Temperature dependence of anti-ICAM uptal<e (■) and anti-ACE uptal<e (D) in the lungs. At 4''C, the pulmonary 
uptake of '^si-anti-ACE is inhibited, whereas the uptal<e of '25|-anti-ICAM is not affected (uptal<e at 4°C is shown as percent of the 100% control value attained at 37°C). 
(C) Disappearance of anti-ICAM (■) and anti-ACE (D) from the luminal surface in the lungs perfused at 37°C. After accumulation in the lungs, biotin-anti-ICAM, but not 
biotin-anti-ACE, is accessible to the blood for a prolonged time. "=l-streptavidin (^^SI.SA) was perfused in the lungs either immediately after biotinylated antibody accumulation 
or after 60 minutes of additional perfusion at 37°C with antibody-tree buffer. Data of '^si-SA uptal<e after 60 minutes delay are shown as percent of that obsereed immediately 

after biotinylated antibody accumulation (100% level). All data are shown as means ± SEM; n = 4. 
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incubated with anti-ICAM for 1 hour at either 4°C or 3TC and 
stained before or after permeabilization with Texas Red and 
FITC-labeled secondary antibody. The staining of intact and 
permeabilized cells was essentially identical, showing predomi- 
nantly dual (yellow) labeling of the surface-bound anti-ICAM both 
at 4°C and 37°C, with no appreciable green staining (representing 
internalized anti-ICAM). As a control, the intracellular staining of 
HUVECs incubated with intemalizable fluorescein-labeled trans- 
ferrin was evident at 37°C but not at 4°C (Figure 3Bxi-xii). 
Therefore, TNFa markedly up-regulates anti-ICAM binding to 
endothelial and mesothelial cells, but does not augment anti-ICAM 
intemalization. 

Biodlstribution of radiolabeled anti-ICAM in vivo 

'"I-anti-ICAM, but not '"I-IgG, accumulated in the lungs after 
intravenous injection in rats (Figure 4) and in mice (not shown). 
Significant uptake also was seen in the liver and spleen, but 
anti-ICAM uptake per gram of tissue was always greatest in the 
lungs. Pulmonary uptake of anti-ICAM was 20%-30% lower after 
intra-arterial injection (not shown). 

We analyzed the specificity of anti-ICAM targeting to pulmo- 
nary tissue. In rats, the pulmonary uptake of '25i_anti-ICAM was 
approximately 17% ID/g (Figure 4A), an immunospecificity index 
(ISI%iD/g, ratio of %ID/g of anti-ICAM to that of IgG) of approxi- 
mately 25,10-fold higher than that in the liver and spleen (Figure 
4B). The blood level of anti-ICAM was lower than that of control 
IgG, likely due to depletion of the circulating pool. The anti-ICAM 
pulmonary localization ratio (LR, tissue-to-blood ratio) was approxi- 
mately 50 (Figure 4C), while the IgG LR was approximately 0.2. 
Therefore, the pulmonary ISILR calculated using anti-ICAM and 
IgG LR, thereby correcting for the blood level, was approximately 
250 (Figure 4D). 

Effects of proinflammatory chaiienges on anti-ICAIM targeting 

Endotoxin facilitated pulmonary uptake of '^I-anti-ICAM, likely 
due to up-regulation of endothelial ICAM in response to cytokines. 
In rats, lipopolysaccharide (LPS) caused a 30% increase in the 
pulmonary uptake of '^sj-anti-ICAM (Figure 5), with a concomi- 
tant reduction in the blood level (pulmonary LR almost doubled 
fl-om 50 to 85). In contrast, LPS suppressed pulmonary uptake 
of '2'1-anti-ACE in rats by 50% (pulmonary LR reduced from 
14 to 7). Therefore, anti-ICAM targeting in LPS-treated rats was 10 
times more robust than that of anti-ACE (LR 85 vs 7). Pulmonary 
targeting of '^I-anti-ICAM was stably enhanced at 5 and 24 hours 
after LPS injection (LR 77 and 85). A similar elevation of 
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Figure S. Endotoxin enhances i^l-antl-ICAM pulmonary targeting. «5|-antl- 
ICAM (left panel) or i^si-antl-ACE (right panel) was Injected In control rats (black 
bars) or after Intraperitoneal Injection of LPS (hatched bars). Lung and blood level of 
"5| was determined 1 hour later. Data are presented as means ± SEM, n = 4. 

'2'1-anti-ICAM pulmonary targeting was seen in LPS-treated mice 
(not shown). The '^'I-anti-ICAM pulmonary uptake was doubled 
in mice exposed to 98% O2 atmosphere, in contrast wifli a 50% 
decrease in the '^'I-anti-TM uptake (not shown). Therefore, 
proinflammatory factors suppress anti-ACE and anti-TM but 
augment anti-ICAM targeting. 

Visualization of ICAM-directed vascular immunotargeting 
in animals 

We visualized the pulmonary localization of anti-ICAM in mice by 
electron microscopy. Specific binding of the secondary gold- 
labeled antibody was evident in lungs harvested 4 hours after 
anti-ICAM injection (Figure 6A). Semiquantitative analysis after 
anti-ICAM injection revealed 16 ± 3 endothelium-associated par- 
ticles/field versus 3 ± 1 particles/field associated with alveolar 
epithelium and interstitium (M ± SEM, 10 fields). Anti-ICAM was 
primarily localized along the luminal surface of the endothelium 
(arrows in Figure 6Ai). Noteworthy, we did not see endocytic 
vacuoles containing gold particles, the hallmark of endothelial 
uptake of intemaMzable conjugates in the lungs.* 

To test whether anti-ICAM delivers an active enzyme cargo to 
endothelium, we conjugated a reporter enzyme, p-galactosidase, 
with anti-ICAM or control IgG. Figure 6B shows the results of 
X-Gal staining of the organs 1 hour after injection of either 
anti-ICAM/p-Gal or IgG/p-Gal conjugate in mice. After IgG/p- 
Gal injection (Figure 6Bv-viii), P-Gal activity was seen in the 
peripheral zone of the splenic follicles, the known site of Fc- 
receptor mediated uptake of immunoconjugates.*-^' The splenic 
follicles also were stained by anti-ICAM/p-Gal (Figure 6Bi), as 
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Figure 4. Pulmonary targeting of '^l-anti-ICAM In 
rats. Biodistribution of ^^l-antl-ICAM (S) or ''"l-IgG (^ 
1 hour after intravenous inJecMon In anesthetized rats. 
The data are shown as means ± SEM, n = 4. (A) Abso- 
lute values of the uptake In organs expressed as percent 
of Injected dose per gram, (B) Immunospecificity Index 
(ISI%iD/g), calculated as ratto of antl-ICAM to IgG %ID/g. 
(C) Localization ratio (LR) oalculated as ratio of %ID/g in 
an organ to that in blood. (D) ISILH calculated as raflo of 
antl-ICAM LR to IgG LR. 
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Figure 6. Localization of anti-ICAM and anti-ICAM/p-Gal In the pulmonary 
vasculature after injection in mice. (A) Immunogold electron microscopy of the 
lungs harvested 4 hours after intravenous injection of 100 jig anti-ICAM (i) or control 
IgG (ii). Arrows show endotheiium-associated gold particles. RBC indicates red blood 
cells in a capillary lumen; Lu, vascular lumen; Alv, alveolar compartment; EC, 
endothelial cell; EC-Nu, endothelial cell nucleus. (B) Targeting of an active p-Gal 
conjugate was visualized 1 hour after injection in mice, using standard X-Gal 
chromogenic substrate staining protocol. Distribution of anti-iCAM/p-Gai (panels i-iv) 
and control IgG/p-Gal (panels v-viii). Detailed view of anti-ICAM/p-Gal in the lungs 
(panels ix and x). Original magnifications: Ai, X 70 000; Aii, x 60 000; Bi-Bviii, x 10; 
Bix-Bx, X 20. 

were the renal glomeruli (Figure 6Bii), the known site of P-Gal 
elimination.^*''^ 

However, injection of anti-ICAJVI/p-Gal, but not IgG/p-Gal, 
deUvered P-Gal activity to the lungs (compare Figure 6Biv with 
Figure 6Bviii). Anti-ICAM/p-Gal was concentrated in the alveolar 
capillaries and in the lumen of larger vessels; no P-Gal activity was 
seen in subendothelial layers of blood vessels, interstitium, or 
airways (Figure 6Bix-x). 

Effect of anti-ICAM conjugate size on endotheiiai 
internaiization 

Streptavidin was cross-linked to biotinylated anti-ICAM and 
biotinylated tPA at varying molar ratios of reactants, as previously 
studied with other proteins.^^"^' Analysis using dynamic light 
scattering analysis showed that conjugates ranging in size from 100 
nm to several microns were generated, depending on the molar 
ratio between SA and biotinylated anti-ICAM (Figure 7A). Double 
staining of fluorescent-labeled anti-ICAM conjugates revealed that 
rat microvascular endothelial cells internalized those anti-ICAM 

conjugates having a diameter of 100-200 nm but did not internalize 
large conjugates around 1 p,m (Figure 7B). In fact, after a 1-hour 
incubation at 37°C, the large, 1-2 micron double-labeled anti- 
ICAM conjugates (the preparation that corresponds to the peak 
farthest to the right in Figure 7A) decorated the entire cell surface 
(Figure 7C). Control IgG conjugates did not bind to endothelium 
irrespective of size and did not accumulate in the isolated rat lungs 
(not shown). 

iCAM-directed targeting of tPA to tlie puimonary vascuiature 

We then tested whether anti-ICAM would target an antithrombotic 
drug to sites of inflanunation susceptible to thrombosis. To do so, 
we prepared large (approximately 1 |xm), poorly intemalizable 
anti-ICAM/'25i-tPA and IgG/'^'i.tp^ conjugates. One hour after 
intravenous injection, 7% of the injected anti-ICAM/'^'I-tPA had 
accumulated in the rat lungs, compared with less than 0.3% for 
IgG/'25i-tPA (Figure 8A), a pulmonary ISI^m/g of 25 (Figure 8B). 
The blood level of anti-ICAM/'^'I-tPA showed a corresponding 
decrease compared to IgG/'^'I-tPA. Therefore, the pulmonary LR 
of anti-ICAM/i"i-tPA exceeded 20 (Figure 8C), with a calculated 
ISILR of approximately 80 (Figure 8D). Anti-ICAM/'^l-tPA was 
retained in the lungs for at least several hours after injection (not 
shown). Similar results were obtained in mice (not shown). 

Anti-ICAIUI/tPA bound to the pulmonary endothelium surface 
retains piasminogen activity and dissolves intravascuiar clots 

To test whether anti-ICAM can be used to deliver enzymatically 
active tPA to the endothelial lumen, we perfused anti-ICAM/tPA or 
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Figure 7. Size of anti-iCAIVi conjugates modifies their uptal<e by endotheiiai 
ceils. (A) DLS analysis of size distribution of the conjugates prepared at molar ratio 
between biotinylated anti-ICAM and streptavidin of 1:0.5 (left peak) or 1:1 (right 
peal<). (B-C) RPMVECs were incubated for 1 hour at 37°C with anti-ICAM conjugates 
containing rhodamine-labeled streptavidin with mean diameters of 100-200 nm 
(panel B) or larger than 1 ^m (panel C). The surface-bound fraction of the conjugate 
was double-labeled using an FITC-labeled secondary antibody. Red color (arrows) 
denotes internalized conjugates; yellow color (arrowheads) denotes the noninternal- 
izable, larger conjugates. White bars in panels B and C correspond to 5 (j,m size. 
Panel C inset shows the contrast phase micrograph (x 40) minimized to Vg the 
original size. 
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Figure 8. Pulmonary targeting of '^l-tPA conjugated 
with antl-ICAM In rats. Blodlstrlbutlon of '^sj-tPA conju- 
gated to antl-ICAM IgG P) or control IgG P) 1 hour after 
Intravenous Injection In anesthetized rats. The data are 
shown as means ± SEM, n = 4, (A) Absolute values of 
the uptake in organs expressed as percent of injected 
dose per gram. (B) Immunospeclfclty index (ISI%iD/g), 
calculated as ratio of antl-ICAM to IgG %iD/g. (C) Local- 
ization ratio (LR) calculated as ratio of %ID/g in an organ 
to that in blood. (D) ISILR calculated as ratio of antl-ICAM 
LRtoigGLR. 

Slood  Lung   Liver Kidney Spleen Heart Blood  Lung   Liver Kidney Spleen Heart 

IgG/tPA in IPL. In all experiments, the vasculature was washed free 
of unbound conjugates prior to measuring tPA uptake and activity. 
Anti-ICAM but not the control IgG carriage led to pulmonary 
accumulation of '^'I-tPA (Figure 9A). 

Aliquots of lung homogenates obtained after perfusion of 
anti-ICAM/tPA or IgG/tPA were then incubated with '^'i.fUjjjn 
clots at 37°C in vitro. Homogenates of lungs perfiised with 
anti-ICAM/tPA caused 10-fold more fibrinolysis, measured by 
release of '^I, than lungs perfused with IgG/tPA (Figure 9B). 

We then infused a chromogenic tPA substrate into IPL. Enzy- 
matic conversion of the substrate leading to appearance of a 
colored product was detected in the perfusate outiow of lungs 
preperfused with anti-ICAM/tPA but not those preperfused with 
IgG/tPA (Figure 90). Therefore, the anti-ICAM/tPA associated 
with the luminal surface of the pulmonary endothelium retains its 
enzymatic activity. 

Accessibility to a small synthetic substrate (mol wt < 500 D) 
does not prove that the anti-ICAM/tPA is accessible to convert its 

Figure 9. Anti-ICAM/lPA accumulated In pulmonary vasculature facilitates 
fibrinolysis. Isolated rat lungs were perfused with anti-ICAM/tPA P) or IgG/tPA P) 
for 30 minutes at ST°C and washed free of unbound conjugates (5 minutes of 
noncirculating petfuslon with a buffer). (A) Pulmonary uptal<e of '^^l-tPAconjugated to 
either antl-ICAM or control IgG. (B) Fibrinolysis of fibrin clots by aliquots of lung 
homogenates obtained after perfusion. (C) Conversion of chromogenic tPA substrate 
perfused after the conjugates. (D) Dissolution of radiolabeled fibrin emboli lodged in 
the pulmonary vasculature after perfusion of the conjugates. The data are shown as 
means ± SEM, n = 4. 

protein substrate, plasminogen. To examine this issue, a suspension 
of '^^I-mlcroemboli was infused into the pulmonary artery 1 hour 
after perfusion with either anti-ICAM/tPA or IgG/tPA. The radioac- 
tivity in the lungs was determined 1 hour later as a measure of 
residual unlysed ibrin clots. Lungs preperfused with anti-ICAM/ 
tPA practically completely dissolved the radiolabeled fibrin clots, 
whereas fibrinolysis in the lungs perfused with IgG/tPA did not 
differ significantly from the basal level measured in control lungs 
(FiguiB 9D). Therefore, anti-ICAM/tPA accumulates in the lungs, 
resides in enzymatically active form on the luminal endothelial 
surface, and thereby markedly facilitates fibrinolysis in the pulmo- 
nary vasculature. 

Discussion 

Drug targeting and concurrent blocking of a nonintemalized highly 
expressed pro-inflammatory determinant expressed on the endothe- 
lial lumen that is stably up-regulated in the perturbed vasculature 
may provide a specific and powerful approach for treatment and 
prophylaxis of vascular inflammation and thrombosis. Our data 
indicate that ICAM-1 (CD54) ftilfills the criteria of an "ideal" 
target for this specific goal and that anti-ICAM may be used for 
vascular immunotargeting of antithrombotic drugs. 

Static human endothelial cells cultured under sterile conditions 
constitutively express relatively modest levels of ICAM-1 (Figure 1). 
However, the level of expression is much higher in vivo,** and 
anti-ICAM binds to the resting endothelium in intact animals.^"-^* 
Diverse cell types express ICAM-1, but the largest fraction directly 
accessible to the bloodstream is exposed on the endotheUal 
surface.^* This fact explains anti-ICAM targeting in vascularized 
organs (Figures 2 and 4) and confinement of the targeted cargoes to 
the vascular lumen (Figures 2,6, and 9). 

The pulmonary vasculature is the first major capillary network 
encountered by intravenously injected antibodies, contains roughly 
one-third of the endothelium in the body, is exposed to the entire 
cardiac output of venous blood, and, therefore, comprises the 
preferred target for affinity carriers recognizing pan-endothelial 
determinants.^'-^' Importantly, pulmonary uptake of anti-ICAM 
and anti-ICAM conjugates is not due to a nonspecific binding or 
mechanical retention in the vasculature, as control IgG counterparts 
neither bound to HUVECs nor accumulated in the lungs. In fact, 
the iimnunospecificity of the anti-ICAM and anti-ICAM/tPA 
conjugate pulmonary accumulation in normal rats approaches 
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values of 250 and 50, respectively (Figures 4 and 8). Analysis of the 
quantitative binding data obtained in rat lungs (Figure 2) indicates 
that binding of approximately 5-50 mg anti-ICAM can be expected 
in the human pulmonary vasculature. Thus, anti-ICAM carriers are 
likely to provide robust and preferential targeting to the pulmonary 
endothelium in intact animals, matching the characteristics of the 
best candidate carriers tested to date, including antibodies directed 
against PEC AM, ACE, and a caveoli-associated antigen gp90.15,24,28,31,33 

Certain pathological conditions suppress targeting to other 
constitutive endotheUal determinants, such as thrombomodulin and 
ACE.'^-'^'^^ For example, endotoxin inhibits anti-ACE targeting in 
rats by 50% (Figure 5). In contrast, cytokines, oxidants, abnormal 
shear stress, and thrombin^' are all known to enhance endothelial 
ICAM-1 expression'''''^ and augment anti-ICAM vascular targeting 
in vivo.i*'2° Up-regulation of endothelial ICAM-1 expression by 
thrombin''' also makes it a preferred candidate for delivering 
antithrombotic agents. Our data extend these observations and 
reveal that (1) cytokine stimulation does not augment anti-ICAM 
intemalization (Figure 3) and (2) pulmonary targeting of anti- 
ICAM is stably augmented in models of proinflammatory chal- 
lenge in vivo (eg. Figure 5). This feature distinguishes targeting 
ICAM from targeting selectins, vifhich are only transiently exposed 
on the perturbed endothelium.'' 

Antibodies and conjugates may unintentionally suppress impor- 
tant functions of endothelial proteins with potentially deleterious 
consequences (eg, thrombosis), making them less suitable for the 
therapeutic targeting.'"' ICAM-1, a counter-receptor for leukocyte 
integrins, supports cell adhesion on endothelium.'''''" Because 
anti-ICAM suppresses inflammation by blocking leukocyte adhe- 
sion,'"''^'"'-''^ drug targeting to endothelial ICAM-1 is unlikely to 
have unintended deleterious effects on the host and, indeed, may 
provide secondary therapeutic benefits against inflammation, throm- 
bosis, and oxidative stress. This feature of anti-ICAM conjugates 
deserves additional investigation. 

Published studies on anti-ICAM intemahzation have yielded 
inconsistent results: epithelial and blood cells have been reported to 
intemaUze ICAM Ugands in vitro,''^'''^ but fragmentary data in other 
cell types showed the opposite outcome.'''''''^ Our studies in cell 
culture, perfused rat lungs, and in animals show that endothelial 
cells internalize ICAM antibodies poorly (Figures 1, 2, 3, and 6). 
Thus, ICAM seems to be well suited for drug targeting to the 
luminal surface. This feature distinguishes ICAM from other 
similarly prevalent endothelial determinants, all of which are 
rapidly intemaUzed, including thrombomodulin and ACE (Figures 
1 and 2), selectins,'""^'' and caveoli-associated antigens.'^ A mono- 
clonal antibody against gp85 antigen accumulates in the rat lungs 
and is not internalized and therefore can be used for surface 
targeting in this species,^' but the identity, function, and regulation 
of its human counterpart are not known. 

The uptake of anti-ICAM conjugates is modified by their size: 
endothelium internalizes conjugates with a mean diameter of 
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100-200 nm, but not anti-ICAM conjugates larger than 1 (xm 
(Figure 7). This result indicates that anti-ICAM follows the 
paradigm observed previously with antibodies directed against 
another nonintemaUzable determinant, PEC AM-1.^^-^^ Conjugate 
size can be readily and stably modulated by varying the molar 
ratios of the reactants, as measured by dynamic light scattering 
(Figure 7). In theory, therefore, anti-ICAM represents a carrier that 
can be modified to facilitate drug delivery to either the endotheUal 
surface (using monomolecular conjugates or conjugates larger than 
500 nm) or to the intracellular compartment (using 100-300 nm 
conjugates). The anti-ICAM/tPA conjugates used in the present 
study were around 1 jjim in size, which exceeds the effective 
intemalizable size. Clearly, anti-ICAM/tPA bound along the cell 
surface retains enzymatic activity in the pulmonary vascular lumen 
and augments intravascular fibrinolysis (Figure 9). 

This result serves as a proof-of-principle that ICAM represents 
a suitable target to deliver antithrombotic agents to the endotheUal 
lumen. Although anti-ICAM/tPA conjugate itself may represent a 
useful agent, we anticipate that the strategy can be further 
optimized by generation of a monomolecular nonintemaUzable 
anti-ICAM/tPA fusion protein. 

To our knowledge this is the first study showing that fibrinolytic 
agents can be used in a prophylactic mode to protect vital vascular 
beds, including those in the lungs. Patients are at high risk to 
develop pulmonary emboU after trauma: (1) when extensive 
proximal deep venous thrombi are present; (2) after recent pulmo- 
nary emboU; (3) in the setting serious respiratory compromise due 
to diverse cardiopulmonary disease; or (4) when the risk of 
bleeding after systemic anticoagulation is prohibitive.''^ Our data 
suggest that targeted deUvery of antithrombotic agents to the 
pulmonary endothelium itself may be a suitable alternative in some 
of these settings, although additional studies will be needed to 
estabUsh the duration and extent of fibrinolytic activity that 
is delivered. 

In summary, ICAM possesses a number of highly desirable 
characteristics as a target for antithrombotic and anti-inflammatory 
drug delivery. Anti-ICAM targeting may aUow a spectrum of novel 
therapeutic approaches, for example, a strategy to facilitate the 
antithrombotic potential of the pulmonary vasculature in patients at 
high risk to develop acute lung injury (ALI/ARDS) and thromboem- 
bolism. Future studies in larger animals will define potential 
therapeutic applicability and Umitations of this strategy. 
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2003.—Nanotechnologies promise new means for drug deliv- 
ery. ICAM-1 is a good target for vascular immunotargeting of 
nanoparticles to the perturbed endothelium, although endo- 
theUal cells do not internalize monomeric anti-ICAM-1 anti- 
bodies. However, coupling ICAM-1 antibodies to nanopar- 
ticles creates multivalent ligands that enter cells via an 
amiloride-sensitive endocytic pathway that does not require 
clathrin or caveolin. Fluorescence microscopy revealed that 
internalized anti-ICAM nanoparticles are retained in a sta- 
ble form in early endosomes for an unusually long time (1-2 
h) and subsequently were degraded following slow transport 
to lysosomes. Inhibition of lysosome acidification by chloro- 
quine delayed degradation without affecting anti-ICAM traf- 
ficking. Also, the microtubule disrupting agent nocodazole 
delayed degradation by inhibiting anti-ICAM nanoparticle 
trafficking to lysosomes. Addition of catalase to create anti- 
ICAM nanoparticles with antioxidant activity did not affect 
the mechanisms of nanoparticle uptake or trafficking. Intra- 
cellular anti-ICAM/catalase nanoparticles were active, be- 
cause endothelial cells were resistant to H202-induced' oxi- 
dative injury for 1-2 h after nanoparticle uptake. Chloro- 
quine and nocodazole increased the duration of antioxidant 
protection by decreasing the extent of anti-ICAM/catalase 
degradation. Therefore, the unique trafficking pathway fol- 
lowed by internalized anti-ICAM nanoparticles seems well 
suited for targeted delivery of therapeutic enzymes to endo- 
thelial cells and may provide a basis for treatment of acute 
vascular oxidative stress. 

drug delivery; endocytosis; microtubules; lysosomes 

NANOTECHNOLOGIES offer the opportunity for the design 
of novel carriers for more effective, specific, and safe 
drug delivery (4, 24). For example, impressive ad- 
vances have been achieved in synthesis of nanopar- 
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tides with controlled rates of drug release (8, 30, 41, 
44). Specific affinity for targets and favorable subcel- 
lular addressing are some parameters that are criti- 
cally important for optimizing the therapeutic poten- 
tial of nanoparticles as drug delivery vehicles (2 4 
20, 39). '    ' 

The vascular endothelium is a prime target for drug 
delivery. Endothelial cells represent a barrier for drug 
delivery from the bloodstream to target tissues (42). 
Conversely, the endothelium is involved in diverse 
pathological processes including inflammation, oxida- 
tive stress, and thrombosis and, therefore, itself repre- 
sents an important drug delivery target (17, 48, 50). 
One particularly good target for drug delivery to per- 
turbed endothelial cells is intercellular adhesion mol- 
ecule-1 (ICAM-1) (3, 51, 52), a plasma membrane pro- 
tern that is upregulated and functionally involved in 
inflammation and thrombosis (11, 14, 23, 38). How- 
ever, lCAM-1 and another Ig superfamily cell adhesion 
molecule, platelet endothelial cell adhesion molecule-1 
(PECAM-1), are not readily internahzed by endotheHal 
cells (33, 37, 53). 

Nevertheless, despite the inability of these cell ad- 
hesion molecules (CAM) to act as receptors to mediate 
endoc3d;osis of monomeric antibodies, endothehal cells 
internalize multimeric anti-PECAM nanoparticles and 
anti-ICAM nanoparticles <300 nm in diameter (34, 37, 
53). Importantly, internalization of these anti-CAM 
nanoparticles is distinct from clathrin- and caveolin- 
mediated endocytosis. Instead, anti-CAM nanoparticle 
uptake depends on signaKng induced by CAM cluster- 
ing and represents a unique actin-dependent process 
requiring activation of protein kinase C, Src kinase, 
and Rho kinase (CAM-mediated endocytosis) (34). Fur- 
thermore, anti-CAM nanoparticles enable vascular de- 
livery of diverse active and reporter cargoes in vivo to 
pulmonary and cardiac endothelium (1, 9, 33, 37, 47). 
However, little is known about the intracellular traf- 
ficking and fate of anti-CAM nanoparticles. This is a 
critical component in the design of drug carriers, given 
that delivery to the appropriate cellular compartment 
can increase therapeutic efficacy. 

The costs of publication of this article were defrayed in part by the 
payment of page charges. The article must therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 
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Here we examine the intracellular trafficking, activ- 
ity, and fate of anti-ICAM nanoparticles in endothelial 
cells. The antioxidant activity of anti-ICAM nanopar- 
ticles loaded with catalase, an H202-degrading enzyme 
potentially useful for antioxidant protection in the car- 
diovascular system (35, 36), was also tested. Our data 
show that 1) the kinetics of anti-ICAM nanoparticle 
trafficking to lysosomes are remarkably slow; 2) nano- 
particle degradation by endothelial cells can be further 
delayed by auxiliary pharmacological agents; and 5) 
anti-ICAM/catalase nanoparticles permit effective pro- 
tection against oxidative stress for several hours after 
internalization. These results indicate that internal- 
ization via ICAM-1 permits nanoparticles to be re- 
tained in intracellular compartments where they can 
avoid degradation for a relatively prolonged time. This 
feature of ICAM targeting and CAM-mediated endocy- 
tosis suggests that drug carriers may be designed to be 
retained in a protected early endocytic compartment 
with the potential to enhance their therapeutic effects. 

METHODS 

Antibodies and reagents. Mouse anti-human ICAM-1 (an- 
tibody R6.5) was affinity purified from the hybridoma HB- 
9580 (ATCC, Manassas, VA) (33, 34). Polyclonal antibodies to 
catalase, human early endosome antigen-1 (EEA-1), or lyso- 
some-associated membrane protein-1 (LAMP-1) were from 
Calbiochem (La JoIIa, CA), Affinity BioReagents (Golden, 
CO), and BD Biosciences/PharminGen (Franklin Lakes, NJ),' 
respectively. Secondary fluorescent antibodies were from 
Jackson ImmunoResearch (West Grove, PA) and Molecular 
Probes (Eugene, OR). Fluoresbrite YG microspheres, which 
are polystyrene latex microspheres 100 nm in diameter con- 
taining a fiuorochrome compatible with FITC fluorescence, 
were from Polysciences (Warrington, PA). Unless otherwise 
stated, all other reagents were from Sigma (St. Louis, MO). 

Preparation of anti-ICAM nanoparticles. Nanoparticles 
were prepared as described previously (34) by coating on 
fluorescently labeled latex microspheres with either anti- 
ICAM-1 alone (anti-ICAM nanoparticles) or anti-ICAM-1 and 
biotinylated catalase (biotin-catalase) at a 1:0.5 molar ratio 
(anti-ICAM/catalase nanoparticles). The final effective diam- 
eter of resulting nanoparticles was determined by dynamic 
light scattering (53). In each case, these protocols yielded 
preparations with diameter ranging from 100 to 300 nm. 

Cell culture. Human umbilical vein endothelial cells 
(HUVEC), pooled from several donors, were from Clonetics 
(San Diego, CA). The cells were cultured in M199 medium 
(GIBCO BRL, Grand Island, NY) supplemented with 15% 
heat-inactivated fetal bovine serum, 2 mM glutamine, 15 
(Ag/ml endothelial cell growth supplement, 100 fig/ml hepa- 
rin, 100 U/ml penicillin, and 100 (xg/ml streptomycin. The 
cells were maintained at 37°C, 5% CO2, and 95% relative 
humidity. When seeded for experiments, HUVEC between 
passages 4 and 5 were cultured onto 12-mm2 gelatin-coated 
coverslips in 24-well plates and then activated by overnight 
incubation with TNF-a. 

Internalization, trafficking, and stability of anti-ICAM 
nanoparticles. TNF-a-activated confluent HUVEC were incu- 
bated at 4°C for 30 min with FITC-labeled anti-ICAM or 
anti-ICAM/catalase nanoparticles to enable binding to the 
cell surface. The cells were then washed, warmed to 37°C for 
varying amounts of time, cooled to 4°C, and washed, and the 
cells were fixed with 2% paraformaldehyde at room temper- 

ature (RT) for 15 min. Intracellular delivery of catalase was 
confirmed by labeling permeabilized cells with rabbit anti- 
catalase followed by Alexa Fluor 350-conjugated goat anti- 
rabbit IgG. Also, to preferentially label nanoparticles bound 
to the cell surface, nonpermeabilized cells were treated with 
Texas red-conjugated goat anti-mouse IgG (to label anti- 
ICAM-1). The samples were analyzed with an Olympus 1X70 
fluorescence microscope using XlO or X40 PlanApo objec- 
tives and filters optimized for FITC, Texas red, and Alexa 
Fluor 350 fluorescence. Images were obtained with a 
Hamamatsu Orca-1 charge-coupled device camera and ana- 
lyzed using ImagePro 3.0 software. With this approach, in- 
ternalized nanoparticles were imaged as single-labeled green 
particles and surface-bound nanoparticles were double-la- 
beled in yellow. Merged micrographs were scored automati- 
cally by image analysis to obtain the percentage of cell- 
associated particles that were internalized. Images of cells 
from two to five independent determinations were combined 
to form the average percentage of internalized particles, 
where n reflects the total number of cells averaged for a given 
value. To examine the effect of inhibitors on nanoparticle 
uptake, TNF-a-activated HUVEC were pretreated at 37°C 
for 30 min in the presence of 3 mM amiloride, 50 fjiM mono- 
dansyl cadaverine (MDC), or 1 |xg/ml filipin before incubation 
with nanoparticles. 

To identify compartments containing internalized parti- 
cles, TNF-a-activated HUVEC were incubated with nanopar- 
ticles as described above. After surface labeling of nonperme- 
abilized cells, the cells were permeabilized with a 15-min 
incubation with 0.2% Triton X-100 at RT, washed, and fur- 
ther labeled with polyclonal rabbit anti-human EEA-1 fol- 
lowed by Texas red-goat anti-rabbit IgG or with phyco- 
erytbrin-labeled rabbit anti-human LAMP-1. To determine 
the intracellular stability of anti-ICAM or anti-ICAM/cata- 
lase   nanoparticles,   internalized   particles   were   counter- 
stained with either Texas red-goat anti-mouse IgG (to recog- 
nize nondegraded anti-ICAM-1) or rabbit anti-catalase fol- 
lowed by Texas red-goat anti-rabbit IgG. Alternatively, cells 
were incubated with nanoparticles prepared with either ^^■'^I- 
labeled anti-ICAM or biotin-catalase for varying amounts of 
time. The cells were then harvested, and proteins were re- 
solved by SDS-PAGE and transferred to polyvinylidene di- 
fluoride. Degradation of i^s^.^jj^j^jQ^^yj-^ ^^^ determined by 
densitometric analysis of autoradiograms, and intact biotin- 
catalase was analyzed using an avidin-horseradish peroxi- 
dase (HRP) blot. Lanes were normalized to total cell protein 
which was loaded in the range of 10-20 iJig/lane. When 
indicated, cells were pretreated with either 20 iiM nocodazole 
or 300 11.M chloroquine before incubation with nanoparticles. 
To measure kinetics of fluid-phase endocytic delivery to lyso- 
somes, cells were incubated for varying amounts of time at 
37°C with 2 mg/ml amine-fixable 10-kDa Texas red-dextran 
(Molecular Probes) and then fixed with 2% paraformaldehyde 
and counterstained with FITC-conjugated rabbit anti-human 
LAMP-1. 

Antioxidant effect of anti-ICAM/catalase nanoparticles 
The antioxidant effect of anti-ICAM/catalase nanoparticles 
was tested at different periods of time after their internal- 
ization within control HUVEC or cells treated with either 20 
I^M nocodazole or 300 jxM chloroquine. The cells containing 
either internalized control anti-ICAM nanoparticles or anti- 
ICAM/catalase nanoparticles were incubated for 15 min at 
RT with 5 mM H2O2 in Phenol red-free RPMI. The cells were 
washed after H2O2 treatment, incubated with 0.1 |JLM cal- 
cein-AM and 1 ixM ethidium (Live/Dead kit; Molecular 
Probes) for 15 min at 37°C, and finally scored to determine 
the percentage of surviving (calcein positive/ethidium nega- 
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tive) cells. Unless stated otherwise, the data were calculated 
as means ± SE, where statistical significance was deter- 
mined by Student's i-test. 

RESULTS 

Anti-ICAM nanoparticles, with a size range between 
100 and 300 nm in diameter, are internalized by endo- 
thelial cells through a unique endocytic pathway, 
CAM-mediated endocytosis (34). Therefore, these 
nanoparticles have the potential to provide intracellu- 
lar delivery of therapeutics for the treatment of patho- 
logically altered endothelium. Given this, we analyzed 
the intracellular trafficking and fate of anti-ICAM 
nanoparticles. Internalization of anti-ICAM nanopar- 
ticles by HUVEC was temperature dependent. Cells 
were incubated with anti-ICAM nanoparticles for 1 h 
at either 4 or 37°C and then fixed and incubated with 
Alexa Fluor 350-goat anti-mouse IgG to double label 
nanoparticles remaining on the cell surface. As shown 
in Fig. 1, HUVEC incubated at 4°C showed green/blue 
double-labeled nanoparticles retained on the cell sur- 
face. In contrast, cells incubated at 37°C showed little, 
if any, blue labeling, indicating near complete anti- 
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Fig. 1. Temperature dependence of anti-intercellular adhesion mol- 
ecule (ICAM) nanoparticle uptake. Human umbilical vein endothe- 
lial cells (HUVEC) were incubated for 30 min at 4°C with green 
fluorescent anti-ICAM nanoparticles to permit binding. Cells were 
washed, incubated at 4''C (a and 6) or 37°C (c and d) for 1 h, and 
fixed, and then surface-bound anti-ICAM nanoparticles were coun- 
terstained with goat anti-mouse IgG conjugated to blue Alexa Fluor 
350. Phase-contrast images are shown in a and c, where n indicates 
the position of the nucleus and dashed lines denote regions of the 
plasma membrane in contact with adjacent cells. Immunofluores- 
cence images show extensive blue labeling of anti-ICAM nanopar- 
ticles when cells were incubated at i°C ib), consistent with a lack of 
internalization at this temperature. In contrast, after 37°C incuba- 
tion (d), there was little, if any, blue colocalization, confirming that 
virtually all cell-associated anti-ICAM nanoparticles were internal- 
ized after incubation for 1 h at 37°C. Bar, 10 p-m. 

ICAM nanoparticle internalization. For trafficking 
studies described below, we routinely counterstained 
cells using this approach to identify noninternalized 
nanoparticles. Typically, there was little, if any, blue 
nanoparticle labeling in these experiments, suggesting 
that there was near complete internalization of anti- 
ICAM nanoparticles in the colocalization experiments 
described. 

As shown in Fig. 2, A andB, internalized anti-ICAM 
nanoparticles partially colocalized with EEA-1-positive 
endosomes in the perinuclear region 1 h after internal- 
ization by HUVEC. With time at 37°C the nanopar- 
ticles redistributed from EEA-1-positive endosomes to 
LAMP-1-positive lysosomal compartments. The lysoso- 
mal trafficking of anti-ICAM nanoparticles was re- 
markably slow compared with that of the fluid phase 
marker Texas red-dextran, which HUVEC trafficked to 
LAMP-1-positive vesicles after a 15-min incubation 
(Fig. 2Bd). 

Because trafficking of anti-ICAM nanoparticles to 
lysosomes was slow, we examined degradation of anti- 
ICAM nanoparticles using a qualitative immunofiuo- 
rescence assay (Fig. 3A). Anti-ICAM nanoparticles 
internalized by HUVEC lost immunoreactivity after a 
2- to 3-h incubation at 37°C, a rate of degradation 
consistent with the slow rate of delivery to lysosomes. 
This was confirmed directly by examining the degra- 
dation of i25i.anti-ICAM by HUVEC, where -30% of 
the HUVEC associated anti-ICAM remained intact af- 
ter a 3-h incubation (Fig. 3.B). These data suggest that 
degradation of anti-ICAM nanoparticles, which oc- 
curred at an unusually slow rate, takes place after 
delivery to lysosomes. 

Therefore, we determined whether pharmacological 
agents that interfere with lysosome activity could in- 
hibit nanoparticle degradation. Pretreatment of HUVEC 
with either chloroquine or nocodazole before incuba- 
tion with anti-ICAM nanoparticles inhibited anti- 
ICAM degradation (Fig. 3). The mechanism of action 
for these agents was distinct. Pretreatment of HUVEC 
with the weak base chloroquine did not affect traffick- 
ing of anti-ICAM nanoparticles from early endosomes 
to lysosomes (Fig. 4, A and B) but markedly prolonged 
their stability (Fig. 2>F), consistent with decreased ly- 
sosome acidification in the presence of chloroquine and 
suggesting that that anti-ICAM nanoparticles were 
degraded by acidic proteolytic enzymes. Comparable 
results were obtained by using bafilomycin to inhibit 
lysosome acidification (Muro S, Muzykantov VR, and 
Koval M, unpublished observations). 

In contrast, nocodazole pretreatment blocked anti- 
ICAM nanoparticle trafficking by HUVEC to lysosomes 
by disrupting the microtubule network of the cell (46, 
49). Previously, we found that nocodazole did not in- 
hibit nanoparticle uptake (34). Instead, for nocodazole- 
treated cells, anti-ICAM nanoparticles were internalized 
and scattered throughout the cell periphery instead of 
distributing to the perinuclear area. Consistent with 
blocking anti-ICAM nanoparticle trafficking to lyso- 
somes (Fig. 5B), nocodazole markedly decelerated deg- 
radation of anti-ICAM nanoparticles (Fig. 3i^. Also, 
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Fig. 2. Slow lysosomal trafficking anti-ICAM nanoparticles. A: 
HUVEC were incubated for 30 min at 4°C with green fluorescent 
anti-ICAM nanoparticles to permit binding. Cells were washed and 
then incubated at 37°C for 1 (a), 2 (6), or 3 h (c) to allow nanoparticle 
intemalization and trafficking. Cells were fixed, surface-bound anti- 
ICAM nanoparticles were counterstained with goat anti-mouse IgG 
conjugated to blue Alexa Fluor 350, the cells were permeabilized, and 
early endosomes were stained with rabbit anti-early endosome an- 
tigen-1 (EEA-l) and Texas red-goat anti-rabbit IgG. Cells showed 
little, if any, blue fluorescence, confirming that virtually all cell- 
associated anti-ICAM nanoparticles were internalized under these 
conditions (compare with Fig. 16). Yellow color in a and h reflects 
anti-ICAM nanoparticles localized to early endosomes. B: HUVEC 
were incubated with fluorescent anti-ICAM nanoparticles as in A, 
except that lysosomes were labeled with Texas red-conjugated rabbit 
anti-lysosome-associated membrane protein-1 (LAMP-1) {a-c). To 
measure fluid-phase trafficking to lysosomes, HUVEC were incu- 
bated with FITC-conjugated dextran for 15 min (d), 1 h (e), or 3 h (/) 
before fixation and immunolabeling with Texas red anti-LAMP-l. 
Yellow color reflects anti-ICAM nanoparticles or FITC-dextran local- 
ized to lysosomes. Bars, 10 jjim. C: the extent of colocalization of 
anti-ICAM nanoparticles and EEA-l or LAMP-1 was quantified by 
image analysis and plotted as a function of incubation time. Data are 
means ± SD and represent %colocalization for n = 20-25 cells. 
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Fig. 3. Stability of internalized anti-ICAM nanoparticles. HUVEC 
were either untreated (A) or preincubated for 30 min at 37°C in the 
presence of either 300 piM chloroquine (S) or 20 fiM nocodazole (C) 
before incubation with anti-ICAM nanoparticles. Stability of intra- 
cellular anti-ICAM-1 was tested by incubating cells with anti-ICAM 
nanoparticles as described in Fig. 2 and then immunolabeling per- 
meabilized cells with Texas red-goat anti-mouse IgG, which binds 
nondegraded anti-ICAM-1 to produce yellow double-labeled particles 
(arrows). Arrowheads denote green nanoparticles, which did not bind 
Texas red-goat anti-mouse IgG, suggesting that anti-ICAM was 
degraded. Bars, 10 (xm. D: cells were either untreated (lanes 2-4) or 
treated with chloroquine {lanes 5-7) or nocodazole (lanes 8-10) as 
described above and then incubated with anti-ICAM nanoparticles 
containing '^^I-labeled IgG for var3ang amounts of time. Cells were 
harvested, proteins were resolved by SDS-PAGE, and the amount of 
cell-associated ^^^I-IgG was determined by densitometric analysis of 
autoradiograms (E, controls; F, nocodazole and chloroquine). Lane 1 
contained ^^^I-anti-ICAM nanoparticles loaded directly onto the gel; 
other lanes were loaded with equal amounts of total cell protein. 
Densitometric values are means ± SD (n = 3) normalized to values 
obtained for the corresponding 1 h time point. 
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Fig. 4. Chloroquine did not inhibit anti-ICAM nanoparticle trans- 
port to lysosomes. HUVEC were treated as described in Fig. 2, except 
that cells were preincubated for 30 min at 37°C in the presence of 300 
|j,M chloroquine before incubation with anti-ICAM nanoparticles and 
immunolabeling for surface nanoparticles (blue), EEA-1 (A), or 
LAMP-1 (S). Cells showed little, if any, blue fluorescence, confirming 
that virtually all cell-associated anti-ICAM nanoparticles were in- 
ternalized under these conditions (compare with Fig. 16). Yellow 
color reflects localization of anti-ICAM nanoparticles to early endo- 
somes (A) or lysosomes (B). Bars, 10 ixm. C: the extent of colocaHza- 
tion of anti-ICAM nanoparticles and EEA-1 or LAMP-1 was quanti- 
fied by image analysis and plotted as a function of incubation time. 
Data are means ± SD and represent %colocalization for n = 10-12 
cells. 

nocodazole-treated cells showed little, if any, colocal- 
ization of internalized anti-ICAM nanoparticles with 
EEA-1 (Fig. 5A), suggesting that microtubules may be 
required for nanoparticle trafficking to EEA-1-positive 
early endosomes as well as to late endocytic compart- 
ments. 

These findings imply that anti-ICAM nanoparticles 
could deliver a drug into endothelial cells that might be 
transiently stable for several hours and that could be 
further stabilized by using auxiliary agents that in- 
hibit lysosomal traffic and/or degradation, features 
that make anti-ICAM nanoparticles good candidates 
for antioxidant delivery. To test this, we prepared 
anti-ICAM nanoparticles carrying catalase, a classic 
antioxidant enzyme that protects cells from H2O2 gen- 

erated during oxidative stress (35). Anti-ICAM/cata- 
lase nanoparticles were internalized by HUVEC (Fig. 
6A). Neither MDC nor filipin significantly inhibited 
internalization of anti-ICAM/catalase nanoparticles 
(14 ± 2 and 23 ± 3% inhibition of control levels of 
internalization, respectively; n = 10-15 cells from 2 
independent experiments), showing that neither clath- 
rin- nor caveolin-mediated endocytic pathways are re- 
sponsible for internalization. However, the uptake was 
significantly inhibited by amiloride (Fig. 6, B and C; 
40 ± 3% inhibition of control level of internalization; 
n = 10-15 cells from 2 independent experiments), 
consistent with internalization of anti-ICAM/catalase 
nanoparticles by CAM-mediated endocytosis (34). 

Internalized anti-ICAM/catalase nanoparticles were 
transported to lysosomes (Fig. 7A), where degradation 
occurred (Fig. IB). Both trafficking and degradation 
kinetics were slow (3 h) and similar to that observed for 
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Fig. 5. Nocodazole inhibited trafficking of anti-ICAM nanoparticles 
to lysosomes. HUVEC were labeled as described in Fig. 2, except that 
cells were preincubated for 30 min at 37°C in the presence of 20 \iM 
nocodazole before to incubation with anti-ICAM nanoparticles and 
immunolabeling surface nanoparticles (blue), EEA-1 (A), or LAMP-1 
(B). Cells showed little, if any, blue fluorescence, confirming that 
virtually all cell-associated anti-ICAM nanoparticles were internal- 
ized under these conditions (compare with Fig. 16). Yellow color 
reflects localization of anti-ICAM nanoparticles in early endosomes 
(A) or lysosomes (B). Bars, 10 p.m. C: the extent of colocalization of 
anti-ICAM nanoparticles and EEA-1 or LAMP-1 was quantified by 
image analysis and plotted as a function of incubation time. Data are 
means ± SD and represent %colocalization for n = 15-18 cells. 
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Fig. 6. Intracellular delivery of catalase nanoparticles by ICAM- 
mediated internalization. A: HUVEC were incubated for 1 h at 37°C 
with green fluorescent anti-ICAM/catalase nanoparticles. Cells were 
washed, fixed, and counterstained with Texas red-goat anti-mouse 
IgG. Cells were then permeabilized and stained using rabbit anti- 
catalase and blue Alexa Fluor 350-goat anti-rabbit IgG. Internalized 
nanoparticles containing catalase show a blue-green color (arrow), 
and surface-bound triple-labeled nanoparticles appear white (arrow- 
head). The internalization of anti-ICAM/catalase nanoparticles was 
tested in control HUVEC (B) or cells treated with 3 mM amiloride 
(C), where surface-bound particles were counterstained with Texas 
red-goat anti-mouse IgG without cell permeabilization. Internalized 
anti-ICAM/catalase nanoparticles were single labeled green (arrow), 
and nanoparticles at the cell surface were double-labeled yellow 
(arrowhead). Bar, 10 jim. 

control anti-ICAM nanoparticles. Also, the kinetics for 
biotin-catalase degradation, as assessed by HRP-avi- 
din blot (Fig. ID), were comparable to the kinetics for 
anti-ICAM degradation (Fig. 3E). These data are con- 
sistent with the notion that the catalase cargo did not 
affect the mechanism of uptake, traffic, and degrada- 
tion of anti-ICAM nanoparticles. 

To test the antioxidant capacity of catalase delivered 
within the cells by anti-ICAM nanoparticles, HUVEC 
were incubated after internalization of anti-ICAM/ 
catalase nanoparticles at 37°C for varjdng amounts of 
time and then subsequently exposed to 5 mM H2O2 for 
15 min. Cells pretreated with unloaded anti-ICAM 
nanoparticles showed significant H202-mediated toxic- 
ity; only -60% of the cells survived 15 min after H2O2 
shock (Fig. 8, Ad-Af and B). In contrast, anti-ICAM/ 
catalase nanoparticle-treated cells were resistant to 
H2O2 (>90% cell survival; Fig. 8, Ag, Ah, and B), 
indicating that catalase nanoparticles delivered inside 
the cells had a protective effect. The protective effect of 
anti-ICAM/catalase nanoparticles diminished 3 h after 
internalization, consistent with the kinetics of lysoso- 
mal trafficking and degradation of these nanoparticles 
(Fig. 8Ai). 

To determine whether auxiliary pharmacological 
agents prolong the therapeutic effect of anti-ICAM/ 
catalase nanoparticles, HUVEC were pretreated with 
either chloroquine or nocodazole. Both agents mark- 
edly prolonged the duration of antioxidant protective 
effect of anti-ICAM/catalase nanoparticles (Fig. 8C) 
and inhibited catalase degradation (Fig. 7 E). In par- 
ticular, nocodazole enabled internalized catalase to 
remain active for at least 5 h after internalization, 
which doubled the duration of the antioxidant activity 
of anti-ICAM/catalase nanoparticles. 

DISCUSSION 

The present data demonstrate that functionally ac- 
tive, catalase-carrying anti-ICAM nanoparticles are in- 
ternalized by endothelial cells using CAM-mediated 

endocytosis and were retained in an early endosomal 
compartment for an unusually long period of time (1-2 
h). Anti-ICAM nanoparticles were ultimately delivered 
to lysosomes after 2-3 h, where they were degraded 
and inactivated. By comparison, ligands internalized 
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Fig. 7. Slow lysosomal trafficking and degradation of internalized 
anti-ICAM/catalase nanoparticles. A: HUVEC were incubated with 
Texas red-dextran to label lysosomes and then incubated with anti- 
ICAM/catalase nanoparticles for 30 min at 4°C, washed, and incu- 
bated at 37°C for different periods of time to permit internalization. 
Surface-bound particles were counterstained with blue Alexa Fluor 
350-goat anti-mouse IgG. Cells showed little, if any, blue fluores- 
cence, confirming that virtually all cell-associated anti-ICAM/cata- 
lase nanoparticles were internalized under these conditions (com- 
pare with Fig. 16). Yellow color reflects localization of green fluores- 
cent nanoparticles to Texas red-labeled lysosomes. B: surface-bound 
particles were counterstained with blue Alexa Fluor 350-goat anti- 
mouse IgG, and then the stability of intracellular anti-ICAM/cata- 
lase nanoparticles was tested by immunolabeling permeabilized cells 
with rabbit anti-catalase and Texas red-goat anti-rabbit IgG, as 
described in Fig. 3. Bars, 10 jxm. C: cells were either untreated (lanes 
2-4) or treated with chloroquine (lanes 5-7) or nocodazole (lanes 
8-10) as described above and incubated with anti-ICAM nanopar- 
ticles containing biotinylated catalase for varsdng amounts of time. 
Cells were harvested, proteins were resolved by SDS-PAGE and 
transferred to membranes, and the amount of cell-associated biotin- 
ylated catalase was determined by densitometric analysis of horse- 
radish peroxidase (HRP)-avidin blots (D, controls; E, nocodazole and 
chloroquine). Lane 1 contains biotinylated catalase nanoparticles 
loaded directly onto the gel; other lanes were loaded with equal 
amounts of cell protein. Densitometric values are means ± SD (n = 
3) normalized to values obtained for the corresponding 1 h time 
point. 
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via other pathways including clathrin-mediated or 
fluid-phase endocytosis and phagocytosis are dehvered 
to lysosomes within minutes (6, 21, 31). The slow 
kinetics of anti-ICAM nanoparticle trafficking to lyso- 
somes proved advantageous for the intracellular tar- 
geting of catalase, which had prolonged antioxidant 
protective activity due to the prolonged (1-2 h) resi- 
dence time in a nondegrading early endosomal com- 
partment. Furthermore, catalase activity was ex- 
tended when cells were treated with pharmacological 
agents that delayed proteolysis by decreasing lysosome 
acidification or nanoparticle delivery to lysosomes. 

The multivalent nature of anti-ICAM nanoparticles 
is likely to contribute to the delay in trafficking to 
lysosomes. Consistent with this, Marsh et al. (27) 
found that oligomerized transferrin was retained in an 
early endocytic compartment, where it was resistant to 
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degradation. Furthermore, oligomerized transferrin 
ultimately was recycled to the plasma membrane, con- 
sistent with the trafficking of natural transferrin. This 
is in contrast to our results, where anti-ICAM-1 nano- 
particles were ultimately transported to lysosomes. 
Thus, although the multivalent nature of the ligands 
affects the kinetics of transport through endocjdiic com- 
partments, the destination of internalized multivalent 
ligands appears to depend more on the receptor, rather 
than on ligand valency. 

The intracellular trafficking of internalized ligands 
is influenced by receptor determinants (6, 31). How- 
ever, Ig superfamily CAM, such as ICAM-1 and PE- 
CAM-1, are not typically thoug:ht of as endocytic recep- 
tors. In fact, monomeric anti-ICAM-1 and anti-PE- 
CAM-1 are poorly internalized by endothelial cells (33, 
37, 53). Nevertheless, endothelial cells internahze mul- 
tivalent anti-ICAM and anti-PECAM nanoparticles in 
the size range of 100-300 nm in diameter through 
CAM-mediated endocytosis, an endocytic mechanism 
that is distinct from clathrin- and caveolin-mediated 
endocytosis, phagocytosis, and macropinocytosis (34, 
53). Given this, the trafficking of internalized anti- 
CAM nanoparticles could not be predicted on the basis 
of known properties of ICAM-1 or PECAM-1 traffick- 
ing. Nonetheless, it seems plausible that internaliza- 
tion by CAM-mediated endocytosis may be critical for 
targeting and retention of anti-CAM nanoparticles to 
an early endosomal compartment. 

Both in vitro and in vivo results suggest that CAM- 
mediated internalization may have the potential to be 
useful for the specific intracellular immunotargeting of 
nanoparticles (33, 34, 53). Although agents such as 
catalase can be active when bound to the endothelial 
cell surface, internalization offers several advantages. 
For instance, receptor shedding has the potential to 
decrease the efficacy of anti-ICAM/catalase complexes 
by releasing them from the cell surface. Consistent 

Fig. 8. Prolonged antioxidant protection by intracellular delivery of 
anti-ICAM/catalase nanoparticles. A: HUVEC were incubated with 
either control anti-ICAM nanoparticles (a-f) or anti-ICAM/catalase 
nanoparticles (g-i) for 30 min at 4°C and then incubated at 37°C for 
1 (a, d, g), 2 (b, e, h), or 3 h (c, f, i). Cells were washed and then 
mock-treated (a-c) or treated with 5 mM H2O2 for 15 min at room 
temperature id-i). Cell viability was then assessed using the Live/ 
Dead assay, which reveals live, intact cells as calcein positive/ 
ethidmm negative (green) and dead cells as calcein negative/ 
ethidium positive (red). Bar, 50 ixm. B: cell viability was quantified 
by fluorescence microscopy from at least 500 cells per condition. Data 
are means ± SE and represent the percentage of survival. Cells 
treated with anti-ICAM/catalase nanoparticles (catalase + H2O2) 
were resistant to H2O2 damage, compared with untreated cells 
(control + H2O2). C: HUVEC were pretreated with either 300 (j,M 
chloroquine or 20 fiM nocodazole and then incubated with anti- 
ICAM/catalase nanoparticles, and protection to H2O2 injury was 
analyzed as described above. Cells pretreated with nocodazole or 
chloroquine had prolonged resistance to H2O2 damage, compared 
with control H202-treated cells that received catalase nanoparticles 
alone (catalase -^ H2O2). Dashed line shows the mean value for 
^survival of cells that were not exposed to H2O2; dotted line shows 
the mean value for %survival of cells treated with unloaded anti- 
ICAM nanoparticles and H2O2. *P < 0.05 compared with H2O2- 
exposed cells that were not treated with anti-ICAM/catalase nano- 
particles. 
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with this possibihty, dimeric ICAM-1 was found to be 
shed into the pleural space in response to inflammation 
(29). Also, because internaHzed catalase will have ac- 
cess to intracellular oxidants diffusing from all direc- 
tions, internalized catalase has the potential to be 
more effective than catalase localized to the cell sur- 
face. The ability to target catalase to specific intracel- 
lular compartments also has the additional potential 
for intercepting oxidants near sites of generation or 
sites sensitive to damage (such as nuclear DNA). 

The trafficking of anti-ICAM/catalase nanoparticles 
underscores the notion that the fate of therapeutic 
cargoes should and can be modulated to optimize drug 
delivery strategies. For example, fast endosomal traffic 
and escape are critical for activity of immunotoxins 
(45). Conversely, targeting drugs to parasitophorous 
vacuoles or lysosomes is preferable for antiparasitic 
and certain types of enzyme replacement therapies (15, 
25, 55), and nuclear delivery is necessary for gene 
therapies (7, 19, 40). Furthermore, ligands targeted to 
antigens involved in caveolin-mediated endocytosis have 
the potential to be transcytosed by endothelial cells via 
a pathway that eludes lysosomes and has the potential 
to circumvent the endothelial barrier (28, 43). 

ICAM-1 represents a particularly attractive target 
for targeting antioxidant enzymes because it is upreg- 
ulated by stressed endothelial cells and is function- 
ally involved in vascular oxidative stress, ischemia- 
reperfusion injury, and inflammation (12, 13, 18, 32). 
Intracellular delivery of antioxidants may permit effec- 
tive interception and detoxification of reactive oxygen 
species produced inside endothelial cells and diffusing 
through the plasma membrane from released activated 
leukocytes (16, 26, 54). Also, anti-ICAM nanoparticles 
may also have the capacity to occupy ICAM-1 at the 
cell surface and thus block leukocyte adhesion to en- 
dothelial cells, which could provide a secondary anti- 
inflammatory beneflt (5, 10, 11, 23). 

Catalase delivered by anti-ICAM nanoparticles af- 
forded antioxidant protection for over 2 h after inter- 
nalization (Fig. 7). In fact, this time frame for antiox- 
idant protection is consistent with animal studies 
showing that anti-CAM/catalase nanoparticles protect 
the lung from acute oxidative injury during transplan- 
tation (22). Here, we found that this therapeutic time 
window can be further extended by the use of auxiliary 
drugs, which either inhibit pH-dependent lysosomal 
proteolysis or prevent microtubule-dependent lysoso- 
mal trafficking. This raises the possibility that phar- 
macological agents already approved for clinical use 
(e.g., chloroquine) can be used in combination with 
anti-CAM nanoparticles to improve the in vivo efficacy 
of nanoparticle-based drug delivery vehicles, an ap- 
proach with the potential to enhance therapeutic inter- 
ventions in acute pathological conditions associated 
with vascular oxidative stress, including acute lung 
injury, hyperoxia, and ischemia-reperfusion injury. 
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Summary 

The streptavidin-biotin system may be used to synthesize immunoconjugates for targeted 
delivery of drugs, including therapeutic enzymes. The size of antibody-enzyme conjugates, 
which is controlled by the extent of biotinylation and molar ratio between the conjugate com- 
ponents, represents an important parameter that in some cases dictates subcellular addressing 
of drugs. This chapter describes the methodology of formation and characterization of poly- 
meric immunoconjugates in the nanoscale range. A theoretical model of streptavidin conjuga- 
tion based on general principles of polymer chemistry is considered. Factors that influence size 
and functional characterization of resulting polymer conjugates, as well as advantages and limi- 
tations of this approach, are described in detail. The protocols describe the formation of 
immunoconjugates possessing an antioxidant enzyme, catalase, directed to endothelial cells by 
anti-platelet endothelial cell adhesion molecule antibodies. However because of the modular 
nature of the .streptavidin-biotin crosslinker system, the techniques herein can be easily adapted 
for the preparation of nanoscale immunoconjugates delivering other protein drugs to diverse 
cellular antigens. 

Key Words: Immunoconjugates; vascular immunotargeting; polymerization; nanoscale 
carrier; catalase; streptavidin; biotin; dynamic light scattering; drug delivery. 

1. Introduction 

Targeted drug delivery, as attained by conjugating therapeutic enzymes with 
affinity carrier antibodies, promises a significant improvement over the current 
therapeutic means and, therefore, has remained the focus of intense research 
for several decades. For example, endothelial cells lining the luminal surface 
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of the vasculature represent an important target for delivery of antithrombotic, 
anti-inflammatory, antioxidant agents and genetic materials. Cell adhesion 
molecules (e.g., platelet endothelial cell adhesion molecule [PECAM] and 
intercellular adhesion molecule [ICAM]) represent very attractive endothelial 
determinants for vascular immunotargeting, for example, in the context of 
inflammation. Some drugs require intracellular uptake. Recent studies revealed 
that although endothelial cells do not internalize monomeric antibodies against 
PECAM and ICAM, one can facilitate intracellular delivery of therapeutic car- 
goes by controlling size of the anti-PECAM and anti-ICAM immunoconjugates 
in the nanoscale range (1-3). 

The biotin-streptavidin system can be used to synthesize nanoscale thera- 
peutic immunoconjugates, providing an interesting alternative to other com- 
monly pursued intravenous drug targeting strategies, such as liposomes and 
polymeric nanocarriers (4-7). These immunoconjugates are typically charac- 
terized by (1) their high drug incorporation efficiency, (2) high drug to carrier 
ratio, (3) a wide tunable range of particles sizes with the same or similar com- 
position, and (4) a relatively rigid and biodegradable structure. In optimal con- 
ditions, the degree of drug inclusion is so high that the level of free drug 
becomes negligible and a separation step may often be omitted. Several reporter 
and therapeutic enzymes conjugated with anti-PECAM and anti-ICAM have 
been successfully delivered in therapeutic levels to pulmonary endothelium 
(ia,8-ii). 

This chapter describes the methodology and detail protocols for the genera- 
tion of nanoscale immunoconjugates using the polymeric form of the 
streptavidin-biotin system in addition to methods to control their size and 
shows examples of targeted delivery of an antioxidant therapeutic enzyme, 
catalase, to vascular endothelium in cell culture. 

The distinguishing feature of the streptavidin-biotin system is the extraordi- 
nary affinity [K^ = 10^'^ M) of this noncovalent interaction. It may be com- 
pared only with systems involving liganded metal ions either as partial covalent 
bonds or chelates. This extremely specific almost irreversible reaction is widely 
used in biology and medicine (12). If a biotin derivative is covalently linked to 
proteins, these biotinylated proteins will bind to streptavidin and form a conju- 
gate. These conjugates can be categorized into two types depending on protein 
biotinylation level: oligomeric and polymeric conjugates. Oligomeric conju- 
gates, which are readily used in many labeling techniques, occur when the  
protein contains less than two biotin residues per protein (Fig. lA). However, Fig. i 
when the average biotinylation level of the proteins (e.g., biotinylated anti- 
body and enzyme) is equal to or exceeds 2, polymer structures can be formed 
(Fig. IB and C). Because the linkage occurs through the paired coupling of 
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Fig. 1. Scheme of protein conjugation with streptavidin-biotin system. Proteins 
with less than 2 biotin/molecule form an oligomeric structure (A). Higher biotinylated 
proteins can switch polymerization reactions in the presence of streptavidin as a 
crosslinker with formation of polymeric structure (B). Polymer size depends on reac- 
tive conditions, probably a result of the high rate of streptavidin-biotin reaction and 
formation of internal core inaccessible for free copolymers. (c) Electron micrograph 
of negatively stained immunoconjugates. Conjugates were placed on grids precoated 
with thin carbon films, and negative staining was performed with uranyl acetate. 
Images were taken from representative areas at an original magnification of x50,000 
and enlarged to x440,000. Scale bar = 100 nm. 

specific subunits isolated on separate molecular species, it is convenient to 
relate these conjugates to the classic step (condensation) polymerization chem- 
istry (13). In this circumstance, the modified Carathor's equation applies to 
this reaction scheme. 

X..= 1+7- 

l+r-frp 

where X„ is the average number of monomer residues (both streptavidin and 
protein) per conjugate, r is the ratio of streptavidin molecules to protein mol- 
ecules,/is the number of proteins that can bind to streptavidin, and p is the 
extent of reaction (number of available linkage sites that are actually linked). 
From this equation, it is noted that polymerization occurs only when the 
denominator approaches zero. Hence, it is possible to approximately know a 
priori what protein:streptavidin ratio, r, will provide the maximum conjugate 
size for a given biotinylation level. Also, because of the high sensitivity of the 
extent of reaction on X„, small changes in polymerization procedures can have 
a large impact upon the final size of the conjugate. 
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2. Materials 

2.1. Equipment 

1. Dynamic light scattering apparatus 90Plus Particle Sizer (Brookhaven Instru-'^"= 
ments Corp., NY) or similar apparatus. provWe 

2. UV-VIS spectrophotometer. city for 

3. Microplate reader. haven 
4. Gamma-counter. instru- 

5. Fluorescent microscope. CorT' 

2.2. Reagents and Proteins 

1. Succinimidyl-6-(biotinamido) hexanoate (NHS-LC-Biotin; Pierce, Rockford, IL). 
2. 2-(4'-hydroxyazobenzene) benzoic acid (HABA; Pierce). 
3. o-Phenylenediamine (OPD, in tablets of 60 mg; Sigma, St. Louis, MO). 
4. Na5'Cr04(PerkinElmer, Boston, MA).   
5. Dimethylformamide (DMF). AU: Please 
6. Hydrogen peroxide (H9O7). provide 
T    /-., , ~    ~ city for 
7. Glycerol. oLdh^ 
8. Catalase from bovine liver (Calbiochem, CA). P'ease 

9. Streptavidin from Streptomyces avidinii (Calbiochem). dty^and 
10. Avidin (Pierce). state/ 
11. Horseradish peroxidase (HRP). ^°"""^ 
12. Monoclonal anti-PECAM antibody (clone 62 was generously provided by Centocor. 

Dr. Nakada; Centocor). 
13. Mouse IgG (Calbiochem). 

2.3. Buffers, Media, and Cells 

1. Phosphate-buffered saline (PBS): 0.1 M sodium phosphate, 0.15 M sodium chlo- 
ride, pH 7.2. 

2. HABA stock solution: 10 mM HABA in 10 mM NaOH. Add 24.2 mg to 10 mL of 
10 mM NaOH. The solution may be stored at 4°C. 

3. HABA/avidin working solution: dissolve 10 mg of avidin in 19.4 mL PBS and 
add 600 jiL of 10 mM HABA stock solution. 

4. Cell culture medium: M199 medium (Gibco, Grand Island, NY), 10% fetal calf 
serum (Gibco) supplemented with 100 ^g/mL heparin (Sigma), 2 mM 
L-glutamine (Gibco), 15 fxg/mL endothelial cell growth supplement (Upstate, 
Lake Placid, NY), 100 U/mL penicillin, and 100 \ig/mL streptomycin. 

5. RPMI1640 medium without phenol red (Gibco). 

6. Human umbilical vein endothelial cells (HUVEC; Clonetics, San Diego, CA). 

3. Methods 

3.1. Biotinylation of IgG Antibodies and Catalase 

1. Dissolve IgG (anti-PECAM antibody or any other mouse IgG) and catalase in 

Considering 
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that molecular masses of IgG and catalase are 150 and 240 kDa, respectively, 
their molar concentrations are 23.3 [iM and 20.8 [xM, respectively. 

2. Prepare fresh 0.1 M NHS-LC-biotin in DMF, that is, dissolve 4.5 mg NHS-LC- 
biotin in 100 M-L of anhydrous DMF. Keep solutions of proteins and NHS-LC- 
biotin on ice. 

3. Add appropriate volume of 0.1 M NHS-LC-biotin to protein solution to have 5-, 
10-, and 15-fold biotin:protein molar excess using following equation: 

K'HS-Biolfit — ^yprotein 
1/ _ M/ 1     '^pri'Mn 
VmS-Biomi = k.V„,„,   ■   ' 

Cms-Bio 

where VNHS-biotin and Vprcein are the volumes of NHS-LC-biotin and protein (anti- 
body or catalase), respectively in ^L; CNHs-biotin and Cprotein are the molar concen- 
trations of NHS-LC-biotin and protein (antibody or catalase), respectively in mM; 
k is molar excess of biotin label. Thus, add 1.2, 2.3, and 3.5 fxL of 0.1 M NHS- 
LC-biotin to 1 mL of antibody solution and 1.0, 2.1, and 3.1 |a,L of 0.1 M NHS- 
LC-biotin to 1 mL of catalase solution. Vortex the samples. 

4. Incubate the samples on ice for 2 h. 
5. Remove unbound biotin derivatives by dialysis against 1.0 L of PBS with three 

changes. 
6. Measure protein concentration in catalase and antibody preparations by A280 

absorbance using following coefficients: A(0.1%) 1.04 for catalase and 1.7 for 
IgG. Bradford assay (Bio-Rad) or other protein assays may be used as well. 

7. Split antibody preparation in Eppendorf tubes 100 [xL/tube and store at -80°C (or 
-20°C) because IgG at 4°C can easily aggregate and even partial aggregation of 
IgG may significantly affect further conjugation. Catalase may be stored in PBS 
at 4°C during several months without significant loss of its activity. 

3.2. Estimation of Protein Biotinylation Level 

1. Add 450 nL of HABA/avidin working solution into plastic spectrophotometric 
cuvet and measure absorbance at 500 nm A°. Add 50 p,L of sample, mix it in 
cuvet and measure A'JOQ. Biotin competes with HABA for same binding sites on 
avidin and releases HABA in free solution that in turn decreases the absorbance 
of the dye. Because the reaction may require 2-5 min to be complete, check the 
absorbance several times and take into calculation only the value after absor- 
bance was stabilized for at least 15 s. 

2. Calculate molar concentration of biotin using following equation: 

(Z)'xA°-/i')xZ)"x 10^ 
[biotin, \iM] =  

^HABA 

where D' is dilution coefficient for HABA/avidin working solution D' = 0.9; D' is 
dilution coefficient of the sample D" = 50 nL/500 jj,L = 10; 
10* is a coefficient to express biotin concentration in yiM; EHABA is molar 
extinction coefficient of HABA bound to avidin at 500 nm that equals 34000 

'"tfrticorreeled Proof Copy 
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Considering all known parameters the equation may be easily transformed into a 
simple formula: 

[hiotin, nM] = (0.9 x A"-A) x 294 

3.  Calculate protein biotinylation using following equation: 

[hiotin, \iM] 
Protein Biotinylation = ■ 

[Protein, \iM] 

3.3. Conjugation 

Immunoconjugates may be prepared by a one-step or two-step procedure. In 
both cases, the molar ratio between biotinylated protein that should be specifi- 
cally delivered (i.e., catalase) and biotinylated antibody that targets specific 
antigen on cell surface (i.e., anti-PECAM) is kept constant. As a rule, the 
cata]ase:anti-PECAM ratio is 1:1 mol/mol. In contrast, an optimal concentra- 
tion of streptavidin (with respect to the desired conjugation size) varies and 
should be determined for each preparation of biotinylated ligands. In the one- 
step procedure, biotinylated proteins (enzyme and antibody) are premixed and 
then streptavidin is added to conjugate them. In two-step procedure, 
biotinylated enzyme is first conjugated with streptavidin and then antibody is 
added to form the larger secondary conjugate. 

3.3.1. One-Step Procedure 

3.3.1.1. STREPTAVIDIN TITRATION 

1. Prepare 110 [xL of catalase/antibody mixture with the molar ratio 1: lin PBS. For 
that, mix 58 [xL of 5.0 mg/mL catalase and 52 |.iL of 3.5 mg/mL anti-PECAM. 
All components for conjugation are to be kept on ice. 

2. Split the mixture into 5 aliquots of 20 JAL each in 1.5-mL transparent Eppendorf 
tubes. 

3. Add 10.0 mg/mL streptavidin solution in PBS to have final molar ratio 
streptavidin:(catalase + antibody) 0.5,1.0,1.5,2.0, and 2.5 (i.e., add 1.3,2.6,4.0, 

         5.3, and 6.6 |iL of streptavidin, respectively). The conjugation should be per- 
Au: formed while vortexing. Continuous and regular mixing is critical for correct 
Please conjugation. 
cite all        AT,. 
Notes in    4. Measure the mean effective diameter of the obtained conjugates by dynamic light 
(seVue'n- Scattering (DLS). Add 180 fxL of PBS to each conjugate sample, mix it well, and 
tiaiiy). transfer the diluted sample into NMR tube for the analysis on DLS apparatus 

90Plus Particle Sizer. Count rate should be from 100 kcps to 1 Mcps. Run the 
sample for at least 3 min and determine effective diameter (see Note 7). 

5. Plot the effective diameter of conjugates as a function of streptavidin/(catalase + 
antibody) molar ratio. Make additional points if necessary. The standard 
strepmvidin titration curve is bell sh|p^similar to^ejj^assical antigen-anti- 
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Fig. 2. Titration of biotinylated proteins (catalase and anti-PECAM antibody) with 
streptavidin. A, Catalase was mixed with antibody, and streptavidin was added as a 
bulk to conjugate both proteins. Size was measured by DLS. B, Modeling of conjuga- 
tion reaction. Parametric addition of Carathor's equation with streptavidin as the lim- 
iting reagent (streptavidin:protein <1.0) and protein as the limiting reagent 
(streptavidin :protein >1). The extent of reaction was selected such that these two equa- 
tions converged to a maximum value. Degree of polymerization was related to particle 
size through the i^ relationship of conjugate molecular weight to radius of gyration. 
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Fig. 3. Effects of biotinylation level and mixing conditions on size of 
immunoconjugate. (A) Catalase at a level of biotinylation of 12 biotin/tetramer was 
mixed with antibody of indicated biotinylation at a molar ratio 1:1. Streptavidin was 
added as a bulk. (B) The rate of streptavidin addition affects the size of conjugate. 
Streptavidin was added as a bulk (closed circles) or at slow rate of about 5 piL/min. 
Insert shows theoretical modeling of this effect. An increase in the extent of reaction 
results in an increase in the maximum of the titration curve. It is hypothesized that by 
adding reactants slowing, the likelihood of steric shielding of binding sites is reduced. 
This results in an overall increase in the extent of reaction and the conjugate size. 

body precipitation titration curves. Higher biotinylated component(s) produces 
larger conjugates (see Subheading 3.5.1. as well as Figs. 2A and 3A for ex- 
amples). 
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3.3.1.2. PREPARATION OF CONJUGATE STOCK 

1. Chose optimal streptavidin:(catalase + antibody) molar ratio that gives you the 
required size of conjugate {see Subheading 3.3.1.1., step 5). 

2. Prepare 100 ^iL of catalase + antibody mixture with the molar ratio 1:1 in PBS. 
Mix 53 \iL of 5.0 mg/mL catalase and 47 |.iL of 3.5 mg/mL anti-PECAM. 

3. Calculate the volume of 10 mg/mL streptavidin that should be added to reach a 
specific molar ratio. For example, if you found that the optimal molar ratio is 2, 
add 26.4 (xL of 10.0 mg/mL streptavidin. 

4. Add 5 (xL of the conjugate preparation to 195 \iL of PBS. Transfer the diluted 
sample into NMR tube and measure the effective diameter of obtained conju- 
gates by DLS. Upscaling may change the size of conjugate. If this occurs, then 
adjustment in volume of streptavidin should be done to correct optima! 
streptavidin rprotein molar ratio. 

3.3.2. Two-Step Procedure 

3.3.2.1 . TlTRATION BY STREPTAVIDIN 

1. Transfer 10.6-JAL aliquots of 5.0 mg/mL biotinylated catalase into five 0.5-mL 
Eppendorf tubes. 

2. In the first conjugation step, add 1.3, 2.6, 4.0, 5.3, and 6.6 [iL of 10 mg/mL 
streptavidin per tube. Addition of streptavidin solution should be as fast as pos- 
sible while the sample is at constant vortexing. Keep vortexing for several sec- 
onds after streptavidin was added. Spin it down briefly. 

3. Incubate 5 min on ice. 
4. In the second conjugation step, add 9.4 fxL of 3.5 mg/mL anti-PECAM to all five 

samples in a similar way as in first conjugation step. Final streptavidin:(catalase 
+ antibody) molar ratios are 0.5, 1.0, 1.5, 2.0, and 2.5, respectively. 

5. Measure the effective diameter of obtained conjugates by DLS {see Subheading 
3.3.1.1., step 4, and Note 7 for details). 

6. Plot the effective diameter of conjugates as a function of streptavidin:(catalase + 
antibody) molar ratio. Make additional points if necessary. Higher biotinylated 
component(s) produces larger conjugates {see Subheading 3.5.1., for example). 

3.3.2.2. PREPARATION OF CONJUGATE STOCK 

1. Chose optimal streptavidin:(catalase + antibody) molar ratio that gives you 
required size of the conjugate {see plot obtained in Subheading 3.3.2.1., step 6). 

2. Transfer 53 ^.L of 5.0 mg/mL biotinylated catalase into 1.5-mL transparent 
Eppendorf tubes. 

3. In the first conjugation step, add specified quantity of streptavidin. For example, 
if you found that the final streptavidin:(catalase + antibody) molar ratio has to be 
2, add 26.4 ^L of 10 mg/mL streptavidin. Addition of streptavidin solution should 
be as fast as possible while the sample is at constant vortexing. Keep vortexing 
for several seconds after streptavidin was added, spin it down and incubate sample 
during 5 min on ice. 
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4. In the second conjugation step, add 47 ,uL of 3.5 mg/mL anti-PECAM to primary 
conjugate in a similar way as in first conjugation step. 

5. Mix 5 pL of the final conjugate preparation with 195 [iL of PBS. Transfer the 
diluted sample into NMR tube and measure an effective diameter of obtained 
conjugates by DLS. Upscaling may slightly change the size of conjugate 
compared with results of streptavidin titration using small volumes. In this case 
adjustment in volume of streptavidin should be done to correct optimal 
streptavidin:protein molar ratio. 

3.3.3. Storage of Conjugate 

Because conjugates tend to aggregate, keeping them at 4°C for longer than 
several hours is not recommended. Freezing is also not recommended for the 
same reason of material aggregation after thawing. To store conjugate for fur- 
ther use, add glycerol to 50% and keep the preparation at -20°C. Under these 
conditions, no significant changes in conjugate size, catalase enzymatic activ- 
ity, and antibody binding occur for at least 1 wk. 

3.4. Characterization of Conjugates In Vitro 

To be therapeutically functional, immunoconjugates should preserve both 
its activities: enzymatic activity of catalase and antibody binding to cell anti- 
gen. Because the conjugation process may affect both protein components, 
functional activity of the conjugates must be tested in vitro before more expen- 
sive and challenging in vivo studies. For example, protection assay against 
HjOa-induced injury of endothelial cell culture reveals functional activity of 
the catalase conjugate. ' 

3.4.1. Catalase Activity 

1. Prepare lOX stock solution of assay buffer: 50 mM sodium phosphate, pH 7.0. 
2. Prepare working solution: dilute 75 [iL of 3% HoO, inlO mL IX assa^ buffer. 
3. Take 1 mL of working solution and add catalase (as free enzyme or conjugate) to 

final concentration of 0.1-1.0 |xg of catalase/mL. 
4. Place the sample immediately in a quartz cuvet into UV-VIS spectrophotometer 

and follow the kinetics of H2O2 degradation at 242 nm. 
5. Measure the slope of the curve AA/min using initial linear fragment and calculate 

catalase activity as follows: 

Catalase activity, U/mg = 23.0(AA/min)/mg of catalase 

3.4.2. Protection Against Hydrogen Peroxide Cytotoxicity 

1. Pretreat a 24-well plate with 0.5 mL/well of 1% gelatin for 1 h, remove the solu- 
tion ,and allow it to dry out for 1 h. Plate HUVEC (4th passage) in the plate at a 
cell density of 50,000-100,000 cell/well in cell culture medium. Grow cells for 
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3^ d until confluent culture. One day before the experiment, replace the medium 
with a fresh one containing 200,000 cpm/mL of P'Cr] as Na5'Cr04. 

2. The next day, wash out free [^'Cr] with fresh cell culture medium and add 0.25 mL/ 
well of catalase/anti-PECAM immunoconjugates (see Subheading 3.3.1.2.) 
diluted with the medium at a concentration of 5-10 [xg of catalase/well. Incubate 
cells for 1 h at 37°C. Wash out unbound conjugates first with fresh cell culture 
medium and then with phenol red-free RPMI medium. 

3. Induce oxidative stress by addition of 5 mM HjOj in RPMI (i.e., 257 jxl/50 mL of 
RPMI) and incubate cells at 37°C for 5 h. 

4. Place an aliquot of 20 [xL of supernatant into 96-well low-binding plate at 0, 15, 
30, 45, and 60 min for the H2O2 degradation assay. In the meantime, prepare 
calibration curve by placing 0, 5, 10, 15, and 20 ^iL of 5 mM HjOj in duplicates 
and adjust the volume with RPMI. 

5. For the H2O2 degradation assay, prepare fresh OPD/HRP working solution: dis- 
solve one 60-mg tablet of OPD in 17.5 mL of PBS on rotating platform or orbital 
shaker and add 100 \JLL of 1 mg/mL HRP. Add 180 ^.L of OPD/HRP working 
solution to sample-containing wells on 96-well plate. Incubate the plate on ELISA 
shaker for 15 min. Stop the reaction by addition of 50 ^iL/well of 50% H2SO4. 
Read the absorbance in microplate reader at 490 nm. Calculate the H2O2 concen- 
tration in the samples using calibration curve. 

6. To detect of p'Cr] release, after a 5-h incubation take 100 nL of cell culture 
supernatant into tubes for gamma-counter. Pool the rest of supernatant and cell 
lysate with 0.5 mL of 1% Triton X-100, 1.0 M NaOH. Measure radioactivity in 
the samples and calculate the % of released [^'Cr]. 

3.5. Results 

3.5.1. Conjugate Preparation 

Catalase was biotinylated to a level of 3.25 biotin/catalase monomer (or 
approx 12-13 biotin/catalase tetramer) and monoclonal anti-PECAM antibody 
was biotinylated to 3.5 biotin/IgG. Both proteins were mixed at a molar ratio 

 1:1, and streptavidin was added to form conjugates. The titration curve of the 
comp was '^""J^S^tion is shown in Fig. 2A as a dependence of conjugate effective diam- 
instructed etcf determined by DLS on molar ratio streptavidin:biotinylated proteins. The 
*F°gs.'2'and ^^^^ demonstrates a continuous increase of the conjugate size at relative 
end'of^ excess of biotinylated proteins (Fig. 2A, right shoulder of the curve). The maxi- 
subhead- niuni is reached at equimolar ratio between accessible biotin-binding sites on 
sli.i.i., streptavidin and available biotins on proteins. Thus the position of the maxi- 
step 5.' mum will depend on effective number and flexibility of biotins on the proteins, 
figu°r« ^'^^ ^^ structure of the proteins and mixing conditions. Further increase of 
r/firaii ^^''^P^^^i^i" concentration results in relative excess of streptavidin and decreas- 
mentioned »"§ of Conjugate size (Fig 2A, left shoulder). Noteworthy, the left shoulder has 
ihirokay? ^ Pl^^^^" supposedly because the reaction between biotin and streptavidin is so 

 fast that ll|^K¥J|yg^te|f'Pl^rtf ^Al^'^g step. 
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Au: Based upon the Carathor's equation, the relative concentration of the two 
define ^^^^^^^^ (^A and biotinylated protein) is one of the key determinants in the 
SA if ultimate number of proteins per conjugate. As such, by varying the ratio of 
P^!!!^ streptavidin to biotinylated protein, it is theoretically possible to control the 

size of particle. If we use the average biotinylation of catalase and antibody at 
a converging extent of reaction, a theoretical titration curve with a maximum at 
1.95 streptavidin:proteins molar ratio is obtained (Fig. 2B). This is very close 
to the actual maximum obtained in experiment (compare with Fig. 2A). Devia- 
tions from theory are most likely the result of the presence of proteins with two 
distinct biotinylation levels (i.e., catalase and antibody). Also, the extent of 
reaction is dependent upon size of conjugate, which is not considered in the 
model presented. Although this model is limiting in its ability to account for 
varying accessible functionality with extent of reaction, it still demonstrates 
the sensitivity of size on reaction conditions. 

The size of resulting conjugate depends on biotinylation level of protein(s). 
Biotinylated catalase was mixed with antibody biotinylated at different extents 
(Fig. 3A). Higher biotinylated antibody formed larger conjugates. The rate of 
streptavidin addition is another important parameter that affects the size of 
conjugate. Slow addition of streptavidin leads to increased size of forming 
conjugates compared to instant mixing (Fig. 3B). This dependence of particle 
size on mixing conditions can also be accounted for by the extent of reaction in 
the Carathor's. Because the reaction rate proceeds nearly instantaneously, 
mixing conditions will greatly affect the extent of reaction. As such, experiment 
agrees well with theory that the increase in reaction mixing results in a decrease 
in extent of reaction, and therefore results in smaller maximum particle sizes 
(Fig. 3B, insert). 

3.5.2. Conjugate Characterization 

We prepared catalase/anti-PECAM immunoconjugates for further charac- 
terization. The conjugates were analyzed by high-performance liquid chroma- 
tography gel filtration. We could detect only trace amounts of free catalase in 
conjugate preparation, whereas practically all streptavidin and antibody were  
apparently included in conjugates (Fig. 4A). Thus use of the conjugates does Fig. 4 
not require additional step of conjugate separation from free component.  
Conjugation only slightly decreased activity of catalase. Its activity in the 
conjugate was measured to be 80% of initial catalase activity in free solution. 
Furthermore, the binding of the conjugates was visualized by immunofluores- 
cence microscopy using fluorescein isothiocyanate-labeled antimouse IgG 
antibody. The conjugates readily bound to cultured human endothelial cells 
(Fig. 4B). Interestingly, they are mostly localized on cell-cell borders in accor- 
dance to PECAM distribution in confluentculture (14) 
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Fig. 4. Characterization of immunoconjugates. (A) High-performance liquid chro- 
matography analysis of catalase/anti-PECAM immunoconjugates on SW-300 gel-fil- 
tration column (Waters, MA). The conjugation was performed by the one-step 
procedure. The immunoconjugate and its individual components were injected in phos- 
phate buffer. Normalized chromatograms are shown. (B) Binding of the 
immunoconjugates to HUVECs. Catalase/anti-PECAM (a and c) or catalase/ 
nonimmune IgG (b and d) 300-nm immunoconjugates at a concentration of 5 \x.g of 
catalase/well were incubated with confluent cell culture. Cells were fixed without (a 
and b) or with (c and d) after permeabilization and conjugates were stained using 
fluorescein isothiocyanate-labeled anti mouse IgG. Samples were analyzed by fluo- 
rescence microscopy. 

The conjugates were used for protecting endothelial cells against oxidative 
stress (Fig. 5). HUVECs were preincubated with catalase/anti-PECAM anti- 
body at different doses of catalase (0.1-5.0 |ig of catalase/well as indicated) 
and protective properties of the bound conjugates were analyzed by H2O2 
degradation assay, [^'Cr] release, and visually by phase-contrast microscopy. 
Enzymatic activity of the bound conjugates estimated by H2O2 degradation  
assay showed dose-dependent response up to 5 \ig of catalase/well (Fig. 5A). Fig. 5 
However, only doses of 1.0 and 5.0 ng of catalase/well were protective as 
detected by [^"Cr] release (Fig. 5B). Phase-contrast microscopy also dem- 
onstrated that those doses protected cells against oxidative stress compared to 
cells untreated with the conjugates (Fig. 5 C). 

4. Notes 

4.1. Biotinylation 

1. It is important to remember that biotinylation depends on initial concentration of 
protein. The level of biotinylation is increased at a higher concentration of pro- 
tein even at same NHS-LC-biotin:protein molar ratio. 

Uncorrected Proof Copy 



)ob: Niemeyer (098-0) 
Chapter: 01/Muz^kantov 
Template: Mi""       ^ 
Pub. Date: Ju 

Muzykantov   Date:Febr. 

mctiltigcted Proof C<Spy 
Compositor: CC 
Date: February 4,2004 
i,eiiWi(>i:istF'ass 

Catalase-Antibody Nanoconjugates 15 

s 
E 

—c— --control 

i 
6 

0 1 

. 0.2 

■a - A 

- X- 

-1.0 

5,0 

"* 
k-.. -4 

control       0 0 0.1 0 2 

Catalase, pg/well 

Control cells + 5 mM Hp^ 

0 1.0 5.0 
conjugates, pg of catalase/well 

Fig. 5. Cell protection against H202-induced oxidative stress by catalase/anti- 
PECAM immunoconjugates. Cells were treated with the immunoconjugates as de- 
scribed in Subheading 3.4.2. at several concentrations. (A) Degradation of H2O2 by 
bound catalase-containing conjugates. Initial concentrations of immunoconjugates 
used for cell treatment are indicated in micrograms of catalase/well. (B) Cell death as 
a result of severe oxidative stress was analyzed by release of [^'Cr]. Cells were incu- 
bated with 5 mM H2O2 for 5 h. Release of ['"Cr] in control cells shows level of passive 
diffusion whereas practically complete [-'''Cr] release in the absence of 
immunoconjugates demonstrates significant cell death (C). 

2. Biotinylation efficiency and its effects on protein activities vary significantly 
from protein to protein. In case of catalase, biotinylation does not change the 
catalytic activity at up to a level of 4-5 biotin/catalase monomer. 

Estimation of Protein Biotinylation Level 

HABA is not readily soluble in 10 mM NaOH and requires 10-20 min of intense 
vortexing. 
HABA will change its color from yellow to amber because the dye instantly 
interacts with avidin. HABA/avidin working solution may be stored during 2-4 
wk at 4°C. Absorbance of the solution at 500 nm should be 0.9-1.3 AU (we 

Uncorrected Proof Copy 

4.2 

3. 



)ob: Niemeyer (098-0) 
Chapter: Ol/Muzykantov 
Template: MijB, 
Pub. Date: Ju 

16 
cted Proof Cdp^ 

Compositor: CC 
Date: February 4,2004 
fitmcm-.iit Pass 

Shuvaev et al. 

Au: This 
section is 
a little 
different 
from 
manu- 
script 
hardcopy. 

6. 

7. 

recommend to adjust it to 0.95-1.05 AU with HABA appropriately diluted in 
PBS to keep constant concentration of HABA). 

5. Absorbance of working solution after addition of biotin should be no less than 
0.35-0.4. Otherwise the sample of biotinylated protein will have to be diluted. 

4.3. Conjugation 

A number of factors are important in conjugation and may affect a size of 
particles:a. 
a. Streptavidin:protein ratio is the most important parameter. A titration curve is 

required for each new preparation of biotinylated catalase or antibody. 
b. The optimal biotinylation level should be estimated experimentally for every 

protein. To produce 150- to 400-nm conjugates, proteins have to be 
biotinylated to a level of 3-4 biotin/catalase monomer or IgG. Under- 
biotinylated protein may form too small particles and does not reach desired 
size. It may be rebiotinylated. Overbiotinylated protein will form precipitates 
and titration curve does not show a visible maximum. Such proteins cannot be 
used for conjugation. 

c. Reaction between streptavidin and biotin is so fast that mixing conditions are 
able to change size of formed conjugates. Instant addition of streptavidin is 
recommended because it is easier to control. However, you can prepare larger 
conjugates if you inject streptavidin slower. It can be useful tool for prepara- 
tion conjugates of different size and. essentially same composition. 

d. Although we usually look on the left shoulder of the titration curve to find the 
optimal condition for conjugation, it is possible to use right steep shoulder as 
well. An advantage of using the right shoulder is that streptavidin may be 
added in several steps with control of the conjugate size after each step. 

DLS is an attractive technique in measuring conjugate size because this is an 
absolute method that does not require preliminary calibration or standards. It is 
fast, reliable, direct technique and the easiest method to measure particles sizes 
in the 20- to 1000-nm range. However, DLS is based on the principle of light 
scattering of moving objects that implies specific limitations on preparation of 
sample and its reading. There are a number of important issues that should al- 
ways be taken into consideration to obtain meaningful values. First of all, it is 
important to possess a rudimentary knowledge of the theory to effectively use the 
machine. Briefly, at a moment in time, particles in solution will scatter light with 
a particular intensity at a set angle (at 90° in case of 90Plus Particle Sizer). If we 
wait for some time (At) and then check the scattering intensity, the intensity will 
change as a result in the change of particle orientation. If At is very small, then 
the intensity will not change very much, because the pardcles have not had 
enough time to move around in solution. However, as At increases, the chances 
of the intensity being the same (autocortelating) will decrease dramatically. This 
dependence of intensity autocorrelation on time is directly related to the ability 
of particles to randomly move. If we assume the particles move according to the 
rules of Brownian motion, we can obtain equations that describe the speed of 
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particle motion as a function of particle size. Hence, we can relate the decay in 
the autocorrelation directly to particle size. When the assumptions built into the 
math equations are accurate, then the DLS provides a rapid reliable means of 
measurement. In practical circumstances, the following points should be kept in 
mind when analyzing data: 
a. Monitor the count rate to insure that samples are not too dilute or too concen- 

trated for calculations (100 kcps to 1 Mcps). If the count rate is too small, then 
random fluctuations (e.g., dust particles) will impose very large error in the 
readings, and very long measurement times will be necessary to average out 
these occurrences. However, if concentration is too large, then particle- 
particle interactions become significant, and the Brownian motion is no longer 
valid. 
b. Check at least four different fitting functions to verify particle size. To 
account for particle size distributions, the autocorrelator can impose different 
distribution functions to calculate a size and dispersity (linear, quadratic, and 
so on). Particle sizes calculated from each of these functions should agree 
seemingly well with each other. If they do not, or if dispersities are rather 
large (>0.2), then keep in mind that measured particle sizes are not guaran- 
teed, 

c. A simple way to evaluate homogeneity in the sample is by monitoring the 
shape of the decay curve at the point where the autocorrelation goes to zero. If 
this curve is smooth, and drops down to zero, then particles are nicely dis- 
persed. If the curve is other than exponential and does not go to zero, particle 
sizes are very high and not well distributed. Typically we consider a reading 
is good when the autocorrelation curve is linear for 2 logs, which is rare for 
conjugates larger than 300-400 nm. 

8.  Appropriate storage of conjugates may be critical for experiments that have to be 
performed at a different time or location. In this case, the major obstacle is the 
general tendency of immunoconjugates to aggregate with time. We found that 
aggregation of conjugates can be slowed down or prevented by increasing vis- 
cosity of the solution. Good results were obtained by storage of conjugates in 
30% or 50% at -20°C. Under these conditions, 30% glycerol was enough to slow 
down aggregation for 1-2 d. However, longer incubation revealed some aggrega- 
tion. Storage in 50% glycerol apparently completely prevents aggregation, as  
size of conjugates was stable for at least 1 yr (Fig. 6). Protective and enzymatic Fig. 6 
activities of catalase/anti-PECAM conjugates were practically intact after at least  
1 wk. It is important to remember that glycerol affects DLS reading by changing 
the viscosity of solution. Thus, effects of storage in glycerol should always b^ 
compared vs. freshly prepared samples in the same concentration of glycerol. 
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Fig. 6. Effects of viscosity on conjugate aggregation. Storage of conjugate at +4°C 
in PBS results in significant aggregation and imminent precipitation of 
immunoconjugate (open circles) whereas 50% glycerol at -20°C prevents their change 
in size for both short-term (closed circles) and long-term storage (insert). 
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Summary 

Streptavidin-biotin conjugates of enzymes with carrier antibodies provide a versatile means 
for targeting selected cellular populations in cell cultures and in vivo. Both specific delivery to 
cells and proper subcellular addressing of enzyme cargoes are important parameters of target- 
ing. This chapter describes methodologies for evaluating the binding and internalization of 
labeled conjugates directed to endothelial surface adhesion molecules in cell cultures using 
anti-intercellular adhesion molecule/catalase or anti-platelet endothelial cell adhesion molecule/ 
catalase conjugates as examples. It also describes protocols for characterization of 
biodistribution and pulmonary targeting of radiolabeled conjugates in rats using anti-intercel- 
lular adhesion molecule/tPA conjugates as an example. The experimental procedures, results, 
and notes provided may help in investigations of vascular immunotargeting of reporter, experi- 
mental, diagnostic, or therapeutic enzymes to endothelial i^nd, perhaps, other cell types, both in 
vitro and in vivo. 

Key Words: Endothelium; cell adhesion molecules; catalase; plasminogen activators; lung 
targeting. 

1. introduction 

Streptavidin crosslinking of reporter and therapeutic enzymes with antibod- 
ies to endothelial cell adhesion molecules provides nanoscale conjugates use- 
ful for experimental and, perhaps, diagnostic or therapeutic vascular 
immunotargeting (see Chapter 1 and refs. 1-3). Binding and appropriate sub- 
cellular addressing of antibody-enzyme conjugates to and/or into the target 

- cells are key components for optimal design of drug-delivery systems. The 
size of the conjugates is an important parameter that determines the rate of 
intracellular uptake and, perhaps, subcellular trafficking of the conjugates (4,5). 

From: Methods in Molecular Biology, vol. 283: Bioconjugation Protocols: Strategies and Methods 
Edited by: C. M. Niemeyer © Humana Press Inc., Totowa, NJ 
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This chapter outlines basic experimental protocols useful in the character- 
ization of these relevant conjugates parameters. The first part (Subheading 
3.1.) describes protocols for cell culture experiments that use fluorescent and 
radioisotope labeling as means to trace binding, internalization, and fate of 
anti-platelet endothelial cell adhesion molecule (PECAM)/catalase and anti- 
intercellular adhesion molecule (ICAM)/catalase conjugates. The second part 
(Subheading 3.2.) describes protocols for in vivo experiments in intact anes- 
thetized rats using anti-ICAM/tissue-type plasminogen activator (tPA) conju- 
gate labeled vi^ith radioisotopes. Thus, particular immunoconjugates described 
in this chapter are potentially useful for vascular targeting of either antioxidant 
(e.g., catalase to detoxify H2O2, ref. 6) or antithrombotic enzymes (e.g., tPA to 
dissolve fibrin, ref. 3). However, because of the modular nature of the conjuga- 
tion and labeling procedures used, the described protocols can be used for the 
characterization of endothelial targeting and uptake of diverse reporter and 
therapeutic enzyme cargoes conjugated with a variety of carrier antibodies (7). 
Furthermore, cell culture protocols given here for endothelial cells can be 
applied to other cell types of interest. 

2. Materials 

2.1. Equipment 

1. Gamma counter. 
2. Fluorescence microscope equipped with 40x or 60x magnification objectives; 

filters compatible with fluorescein isothiocyanate (FITC; green), Texas Red (red), 
and UV or Alexa Fluor 350 (blue) fluorescence; digital camera; and image analy- 
sis software (ImagePro). 

2.2. Reagents, Proteins, and Antibodies 

1. Standard phosphate buffer, PBS, (NaH2P04 20 mM, 150 mM NaCl, pH 7.4). 
2. Glycine solution (50 mM glycine, 100 mM NaCl, pH 2.5) is used for elution of 

conjugates or antibodies from its interaction with their antigen expressed in the 
cells. 

3. Lysis buffer (PBS containing 2% Triton X-100) is used to lyse cells and differen- 
tiate the internalized from the surface retained fractions of conjugates or antibod- 
ies. 

4. PBS enriched with 5% bovine serum albumin (PBS-BSA) is used to increase the 
protein content in the analysis of free iodine label released from damaged 
proteins. 

5. PBS enriched in 10% fetal bovine serum (PBS-FBS) is used to block the unspe- 
cific binding of conjugates or antibodies to the cells while providing the cell 
necessary nutrients. 

6. Antibodies: human anti-ICAM-1 (mAb R6.5) or rat anti-ICAM-1 (mAb 1A29); 
human anti-PECAM-1 (mAb 62); and goat anti-mouse IgG conjugated to FITC, 
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7. Other reagents: Concentrated (100% w/v) trichloroacetic acid solution (TCA); 
goat serum; FITC-labeled streptavidin; tPA; catalase; paraformaldehyde; mowiol; 
['-■''] iodine. 

2.3. Immunoconjugates 

'^^I-labeled and nonlabeled immunoconjugates synthesized and character- 
ized by dynamic light scattering as described in Chapter 1, where radioisotope 
is coupled to the cargo enzyme, not the carrier antibody, were used. In some 
cases, anti-ICAM/catalase conjugates based on FITC-labeled polymer were 
used (4,5). 

2.4. Cells and Media 

1. Human umbilical vein endothelial cells (HUVECs, Clonetics). 
2. Endothelial cell growth medium (see Chapter 1 for details on medium composi- 

tion) free of antibiotics. 

3. Methods 

3.1. Characterization of Immunoconjugates in Cell Culture 

3.1.1. Quantitative Tracing of Radiolabeled Conjugates in HUVECs 

1. Seed the cells in 24-well plates. Cultivate to confluence (approx 48 h) in the 
appropriate medium. Replace by fresh antibiotic-free medium 24 h before the 
experiment. 
Wash cells twice by warm (37°C) culture medium. Add 0.5 \xg to 1 ^g of conju- ^^'^(15 
gate per well (i.e., specific activity 0.03 M-Ci/fxg to 0.1 M-Ci/fxg) in 0.5 mL of-"in, 
medium supplemented with 10% FBS. Incubate cells for 1-2 h at 37°C in the r*""" 
presence of the immunoconjugates. ture 
Wash cells three times by medium to remove nonbound conjugates. Incubate ^^l^J^^^^ 
cells with a glycine solution (15 min, room temperature [RT}) to elute from *"' 
nonintemalized immunoconjugates bound to the cell surface. Using a gamma- '"^""" 
counter, determine radioactivity in glycine-eluted fraction {see Note 5). teXpy. 
Wash cells three times by medium and incubate them for 15 min at RT with 0.5 
mL of lysis buffer. Add 0.1 mL of the obtained cell lysates to 0.5 mL of PBS- 
BSA and sequentially add 0.2 mL of TCA and incubate 20 min at RT to precipi- 
tate proteins. Centrifuge TCA-lysate mixture (3000 rpm, 10 min) and determine 
radioactivity in pellet and supernatant fractions. 

5. Determine protein concentration in a fraction of cell lysates to normalize radio- 
activity values in samples per gram of total cell protein. Relative and absolute 
binding, intemalization, and/or degradation of the immunoconjugates can be cal- 
culated as follows: 

4. 

Toral binding 
cpm in glycine fraction + cpm in lysate pellet fraction + cpm in lysate supernatant fraction 

specific activity (cpming of conjugate) 
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cpm in Ixsale fraction 
Internalization percentage (if applicable) = 100 x     :  

Total internalization (if applicable) 

Degradation percentage = 100 x  

cpm in lysate fraction + cpm in glycine-elutedfraction 

cpm in lysate fraction 

specific activity (cpming of conjugate) 

cpm in supernatant fraction 

Total degradation = 

cpm in glycine + cpm in lysate supernatant + cpm in lysate pellet fractions 

cpm supernatant faction 

specific activity (cpming of conjugate) 

3.1.2. SubCellular Detection of Immunoconjugates by Immunofluorescence 

3.1.2.1. BINDING OF IMMUNOCONJUGATES TO TARGET CELLS 

1. Seed the cells onto 12-mm^ glass coverslips coated with 1% gelatin in 24-well 
plates. Allow cells to grow for 48 h to confluence. Replace medium by fresh 
antibiotic-free medium 24 h before the experiment. Incubate cells for 5 min at 
4°C before the experiment. Wash cells twice and replace by medium containing 
10% FBS and a conjugate (1-1.5 (xg of per well). Incubate cells for 30 min at 4°C 
to permit binding. 

2. Wash cells three times with cold medium to eliminate nonbound conjugates. Fix 
cell by a cold solution 2% paraformaldehyde in PBS (15 min). 

3. Wash cells three times with PBS and stain surface-bound conjugates by incubat- 
ing fixed cells for 30 min at RT with a 4 jag/mL solution of Texas Red-labeled 
goat anti-mouse IgG in PBS-FBS (alternatively, use fluorescently labeled anti- 
bodies against the enzyme cargo). Wash cells three times with PBS. 

4. Mount cell-containing coverslips on glass microscope slides using mowiol and 
incubate overnight at RT to allow the mounting media to polymerize. Observe 
samples by fluorescence microscopy using 40x or 60x objectives. Compare 
images of fluorescence and phase-contrast fields to confirm location of the 
immunoconjugate to the cell surface. 

3.1.2.2. INTERNALIZATION OF IMMUNOCONJUGATES INTO TARGET CELLS 

1. Seed and grow cells to confluence as described in Subheading 3.1.2.1. 
2. Wash cells twice with 37°C prewarmed medium and add immunoconjugate and 

incubate with cells for 1 h at 37°C to permit binding and internalization. Fix cells 
and stain surface-bound conjugates as described in Subheading 3.1.2.1. 

3. Wash cells three times with PBS and permeabilize them by 15-min incubation 
with a cold solution 0.2% Triton X-100 in PBS. Stain internalized conjugates by 
incubating permeabilized cells with FITC-labeled goat anti-mouse IgG (4 M-g/mL 
in PBS serum). 

4. Wash cells and mount coverslips on microscope slides as described in Subhead- 
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5. Take images using filters compatible with Texas Red (red) and FITC (green) in a 
fluorescence microscope (40x or 60x objective) and merge them. Surface-bound 
conjugates will appear yellow (double-labeled), whereas internalized conjugates 
will be single-labeled in green. Imaging software can be programmed to quantify 
relative conjugate intemalization, following the formula: 

, ,       ...                           ,„„    ("'mher of ^reen conjugate!; - immher of red coniuvates) Intemalization percentage = 100 x i ■' -^      ' 

number of green conjugates 

3.1.2.3. FATE OF INTRACELLULARLY DELIVERED IMMUNOCONJUGATES 

1. For this type of experiments, use fluorescently labeled conjugates (i.e., based on 
FITC-labeled nondegradable polymer beads; see Note 4) prepared as previously 
described in detail (4,5). First, incubate cells in the presence of conjugates at 4°C 
to permit binding to the cell surface. Then, wash nonbound immunoconjugates 
with cold medium, add FBS-supplemented medium, and incubate cells for the 
time period of interest at 37°C to permit endocytosis and intracellular trafficking 
of the immunoconjugates previously bound to the cell surface. 

2. Wash and fix cells as in Subheading 3.1.2.1. followed by staining of the 
nonintemalized conjugates for 30 min at RT with a solution 4 [xg/mL goat anti- 
mouse IgG (i.e., labeled with Alexa Fluor 350) in PBS serum. 

3. Wash the preparations three times with PBS and permeabilize cells for 15 min 
with a cold solution 0.2 % Triton X-100 in PBS. Incubate permeabilized cells 
with a solution 4 (xg/mL goat anti-mouse IgG (i.e., labeled with Texas Red) in 
PBS serum. 

4. Wash cells and mount coverslips on microscope slides as described in Subhead- 
ing 3.1.2.1. 

Inspect in a fluorescence microscope using filters compatible with FITC 
(green), Alexa Fluor 350 (blue), and Texas Red (red) and merge images. 
Immunoconjugates bound to the cell surface will appear triple-labeled as white. 
Nondegraded internalized conjugates will appear as double-labeled in yellow, 
whereas internalized counterparts with degraded protein component will be 
single-labeled as green. 

3.2. Characterization of Immunoconjugates In Vivo 

3.2.1. Biodistribution of Radlolabeled Conjugates After Intravenous 
Administration 

1. Anesthetize rats (Sprague-Dawley) weighing 250 g using an intraperitoneal 
injection of 300 fxL of Nembutal solution (70 mg/kg of body weight) and wait 
5 min until animals are fully anesthetized (i.e., they do not react to their legs 
being squeezed with forceps). 

2. Inject '-^I-labeled conjugates (approx 1-5 [ig of the conjugate, 100,000-300,000 
cpm per animal) via a tail vein in 0.2 mL of PBS using an insulin syringe with a 

Uncorrected Proof Copy 



Job: Niemeyer (098-0) Compositor: CC 
Chapter: 02/Muro Date: February 4, 2004 

sev^ucdfltiScted Proof Cdpy^'^ 
-?6 Muro, Muzykantov, and Murciano 

27.5-gage needle. Warming up the tail by using hot water makes the vein more 
visible and easy to inject. 

3. I h after injection, sacrifice anesthetized animals by dissection of the descending 
aorta, collect 1 mL of blood from the peritoneal cavity, and place it in a heparin- 
containing tube. Excise internal organs, including lung, liver, kidney, spleen, and 
heart; rinse in saline; blot in filter paper; weigh; and analyze for radioactivity in a 
gamma-counter. 

4. Use radiotracing data to calculate the following parameters of conjugates behav- 
ior in vivo (for more information, see refs. 3,8, and 9): 
A. Percent of injected dose (%ID) characterizes total uptake in a given organ and 

thus it shows biodistribution and effectiveness of the immunoconjugate tar- 
geting. However, this parameter does not take into account organ sizes; thus, 
uptake in the liver (approx 10 g in a rat) might appear far greater than the 
uptake in smaller organs (e.g., lung, ~1 g). 

B. To evaluate tissue selectivity of the uptake (and compare the data obtained in 
different animal species, as well as different organ sizes), calculate %ID per 
gram (%ID/g). 

C. The ratio between %ID/g in an organ of interest and that in blood gives the 
localization ratio (LR) that compensates for a difference in the blood level of 
circulating conjugates and allows comparison of targeting between different 
carriers, which may have different rates of blood clearance. 

D. By dividing the LR of a specific antibody conjugate in an organ by that of the 
control IgG counterpart, calculate the immunospecificity index (ISI = LR^pJ 
■^^igo)' the ratio between the tissue uptake of immune and nonimmune coun- 
terparts normalized to their blood level). ISI is the most objective parameter 
of the targeting specificity. 

3.3. Results 

3.3.1. Characterization of Immunoconjugates in Cell Culture 

3.3.1.1. ANALYSIS OF BINDING AND FATE OF RADIOLABELED CONJUGATES 

Site-specific binding and degradation of the conjugates by cells was deter- 
mined by measuring '^^l in fractions of glycine elution, TCA pellet, and super- 
natant of cell lysates obtained from HUVECs incubated with anti-PECAM/ 
'25l-catalase and IgG/'^^I-catalase conjugates as described in Subheading 
3.1.1. The sum of the recovered '^sj shows total amount of catalase associated 
with cells and reveals the specificity of binding of anti-PECAM conjugates,  
using as negative control nonspecific IgG conjugates (Fig. lA). A relatively Fig. i 
minor fraction of '^^i was found in the supernatant after TCA precipitation of 
cell lysates, indicating that catalase undergoes very modest degradation within 
1 h of incubation at 37°C in endothelial cells (Fig. IB). 
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Fig. 1. Quantitative analysis of binding and degradation of radiolabeled anti- 
PECAM/catalase conjugates in HUVECs. HUVECs were incubated for 90 min at 37°C 
with anti-PECAM/'25l-catalase or control IgG counterpart conjugates, washed, and 
lysed to determine the TCA-soluble fraction of cell-bound radioactivity. The absolute 
amount of conjugate in the different fractions is calculated based on its specific activ- 
ity as described in Subheading 3.1.1. 

3.3.1.2. IMAGING OF BINDING, INTERNALIZATION, AND FATE OF IMMUNOCONJUGATES 
BY IMMUNOFLUORESCENCE 

f'g-2 Figure 2 shows that anti-PECAM/catalase but not IgG/catalase conjugates 
bind to HUVECs at 4°C, thus confirming the data obtained with '^^I tracing 
{see Fig. 1). Comparison of fluorescence and phase-contrast images indicates 
that anti-PECAM/catalase conjugates are located in the cell periphery, consis- 
tent with the predominant expression of PECAM-1 to the cell borders. 

Moreover, in cells incubated for 1 h at 37 °C with anti-PECAM/catalase 
conjugates, only a fraction of the conjugate was labeled before permeabilization 
by Texas Red-labeled secondary antibody, whereas FITC-labeled secondary 

 antibody applied after permeabilization reveals abundant immunostaining 
F'g-3 (Fig. 3A). Single FITC-labeled (green) internalized conjugates are localized in 

the perinuclear region of the cell, whereas nonintemalized double-labeled (yel- 
low) conjugates tend to localize to the cell periphery. Semiquantitative analy- 
sis of double-labeled and single-labeled images shows that endothelial cells 
internalize 50% of cell-bound anti-PECAM/catalase conjugates. 
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Fig. 2. Fluorescent detection of binding of anti-ICAM/catalase conjugates to 
HUVECs. HUVECs were incubated for 30 min at 4°C with anti-PECAM/catalase or 
nonspecific IgG conjugates, washed, fixed, and surface-bound anti-PECAM was 
stained with Texas Red goat anti-mouse IgG. The samples were analyzed by phase 
contrast and fluorescence microscopy. The arrows show conjugates bound to the cell 
surface. 

To visualize and estimate degradation of internalized cargoes by fluores- 
cence microscopy, one can retreat to use fluorescently-labeled conjugates, for 
example, based on FITC-labeled synthetic nanobeads used as carriers for both 
targeting antibodies and enzyme cargoes (4,5). The advantage of this carrier is 
that it permits direct tracing of the conjugates in cellular compartments, 
including lysosomes. FITC-labeled regular immunoconjugates can also be used 
for this purpose, (e.g., conjugates containing FITC-streptavidin; see Note 4). 
A pulse-chase incubation (initial incubation 30 min at 4°C followed by removal 
of nonbound conjugates and incubation at 37°C), permits one to separate phases 
of binding, internalization, and intracellular trafficking. After intemalization 
and fixation, surface-bound particles are counterstained using goat anti-mouse 
IgG conjugated to Alexa Fluor 350, followed by cell permeabilization and 
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Fig. 3. Fluorescence microscopy of the uptake of anti-PECAM/catalase conjugates 
by HUVECs. HUVECs were incubated for 1 h at 37°C in the presence of anti-PECAM/ 
catalase conjugates, washed, fixed, and nonintemalized conjugates were stained with 
Texas Red-labeled goat anti-mouse IgG, followed by cell permeabilization and stain- 
ing with FITC-labeled goat anti-mouse IgG. A, The arrows show double-labeled con- 
jugates on the cell surface. The arrowheads show single FITC-labeled conjugates, 
internalized within the cell. B, Quantification of the experiment described above, ex- 
pressed as mean and standard error (n = 10 fields, from two independent experiments). 

Fig. 4 
. incubation with Texas Red-labeled goat anti-mouse IgG. This staining method 
_ (Fig. 4) distinguishes surface-bound (triple-stained, white), as well as internal- 
ized nondegraded (double-stained, yellow) and degraded conjugates (single 
stained, green). The results of the particular experiment shown in Figure 4 
indicate that conjugates are stable within the cell for 1-2 h and degrade 3 h 
after internalization. 
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Fig. 4. Imaging of the stability of anti-ICAM/catalase nanoparticles internalized in 
HUVECs. HUVECs were incubated for 30 min at 4°C in the presence of FITC-labeled 
anti-ICAM/catalase nanoparticles to permit binding of these to the surface antigen. 
Then, nonbound particles were washed and the cells were incubated either for 1 h, 2 h, 
or 3 h at 37°C, to permit intemalization and intracellular trafficking of the anti-ICAM/ 
catalase particles. After cell fixation, nonintemalized particles were stained with Alexa 
Fluor 350 goat anti-mouse IgG. Thereafter, the cells were permeabilized and incu- 
bated with Texas Red goat anti-mouse IgG. The samples were analyzed by fluores- 
cence microscopy. Closed arrowheads show a triple FITC-hAlexa Fluor 350+Texas 
Red-labeled particle, located to the cell surface. Open arrowheads show a double 
FITC+Texas Red-labeled particle, which indicates that the targeting antibody was not 
degraded after intemalization within the cell. The arrow shows single FITC-labeled 
particles, indicating that the targeting antibody in the internalized particles has been 
degraded. 
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3.3.2. Characterization of Immunoconjugates In Vivo 

3.3.2.1 . BlODlSTRlBUTION AND PULMONARY TARGETING OF TPA CONJUGATED 

WITH ANTI-ICAM 

Experiments with tPA conjugated with an ICAM-1 monoclonal antibody  
illustrate analysis of vascular immunotargeting in vivo. Figure 5A shows com- Fig. s 
parison of biodistribution of radiolabeled anti-ICAM/'^^l-tPA conjugate and  
its components, either '^^I-anti-ICAM or '^^l-tPA, 1 h after intravenous injec- 
tion in rats. Anti-ICAM and anti-ICAM/tPA conjugate display preferential 
uptake in the pulmonary vasculature and significant uptake in hepatic and 
splenic vasculature. These highly vascularized organs (especially lungs that 
possess about 30% of endothelial surface in the body) represent privileged 
targets in agreement with the fact that ICAM is constitutively expressed on the 
endothelial surface (10). Nonconjugated tPA shows no pulmonary targeting; 
in fact, its extremely rapid clearance (its half-life in rats is around 1-5 min; 
ref. 11) leads to disappearance of the tracer from blood and major organs within 
1 h after injection. 

3.3.2.2. COMPARISON OF BIODISTRIBUTION ATTAINED USING DIFFERENT INJECTION ROUTES 

High levels of pulmonary uptake of conjugates directed against pan-endot- 
helial determinants, such as ICAM-1, might be to the result of several reasons: 
(1) an extremely extended endothelial surface in the alveolar capillaries; (2) 
the fact that lung receives 100% of the heart blood output; or (3) the phenom- 
enon of first-pass blood after intravenous injection. Figure 5B shows that 
injection of anti-ICAM/tPA conjugate via the left ventricle, which obviates the 
first pass in the lungs, produces less effective pulmonary targeting, suggesting 
that indeed first-pass phenomenon contributes to the pulmonary targeting. 
However, a high level of pulmonary uptake after left ventricle administration 
confirms the specificity of anti-ICAM conjugates targeting in vivo. 

3.3.2.3. EVALUATION OF THE TARGETING SPECIFICITY OF IMMUNOCONJUGATES 

"g-^ Figure 6 illustrates the analysis of immunoconjugates biodistribution and 
targeting in rats 1 h after intravenous injection. A comparison of %ID/g in 
organs reveals that anti-ICAM/tPA conjugate but not IgG/tPA counterpart 
accumulates in the pulmonary vasculature. However, the blood level of anti- 
ICAM/tPA is lower than that of the nonimmune IgG/tPA counterpart, likely 
because of depletion of circulating blood pool by endothelial binding. The LR 
that compensates for differences in blood level reveals very high selectivity of 
anti-ICAM/tPA uptake in highly vascularized organs including liver (LR close 
to 3), spleen (LR exceeds 7), and especially lungs (LR close to 30). Calculation 
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Fig. 5. Biodistribution of immunoconjugates and free components in vivo. Tracer 
amounts of radiolabeled proteins (approx 1 [ig of radioactive material per sample) 
were injected intravascularly in anesthetized rats. After 1 h animals were sacrificed 
and blood and organs extracted and analyzed for radioactivity. A, '^^I-anti-ICAM 
(black bars) or anti-ICAM/125I-tPA (hatched bars), but not free '^^i-tPA (white bars) 
accumulate in the lung, liver, and spleen after intravenous injection. B, Comparison of 
biodistribution of anti-ICAM/'^^I-tPA after injections via the tail vein (hatched bars) 
or the left ventricle (black bars). Data are presented as mean ± SD, n = 4-9 animals per 
determination. 
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Fig. 6. Analysis of anti-ICAM/tPA biodistribution in vivo. Radioactivity in organs 
was analyzed 1 h after intravenous injection anti-ICAM/'^^I-tPA (hatched bars) or 
control nonspecific IgG/'^^l-tPA (black bars). The data (mean ± SD, n = 4-9) is pre- 
sented as: (A) % ID/g of tissue; (B) LR; and (C) ISI. Adapted from ref. 3. 
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of ISI reveals that anti-ICAM/tPA accumulates in the lungs almost 100 times 
higher than IgG/tPA counterpart, thus confirming high specificity of targeting. 

Au:       4. Notes 

cUe^aM       ^'  Uptake and trafficking of immunoconjugates within the target cells can be stud- 
notes ied by tracing the antibody carrier, the enzymatic cargo, or both moieties. The 
STn         protocols described in Subheadings 3.1.2.1., 3.1.2.2., and 3.1.2.3. trace antibody 
the text.          moieties using secondary antibodies against murine IgG. The same protocols can 

be used to trace enzyme cargo, for example, using an antibody to catalase. More- 
over, conjugates directly labeled with a fluorescent probe, such as the ones based 
on fluorescent-labeled nanobeads or streptavidin crosslinker, are optimal because 
they can be visualized without additional staining. There are some specific fac- 
tors that may require adjustment and optimization of the described protocols to 
be applied to particular conjugates and target cells of interest. Some genera! con- 
siderations are given below. 

2. Many cell types do not adhere well to glass surfaces. Coating coverslips with a 
proadhesive protein (i.e., fibronectin, vitronectin, collagen) before cell seeding 
helps to solve this problem. A 1-h incubation with 1% gelatin solution in PBS 
followed by a 1-h incubation to dry coverslips up is a generic choice. The density 
of seeding of each cell type must be adjusted to reach confluence within the first 
48 h after seeding to avoid repeated division cycles that can lead to detachment. 
For example, optimal density for HUVEC is 7 x 10'' cell per 24 wells when seeded 
48 h before the experiment. Moreover, cells tend to detach from any substrate at 
4°C; thus, cold incubation should be minimal to permit binding of the conju- 
gates. To avoid excessive detachment, pour washing medium gently and slowly 
on the well wall rather than directly on the cells. Glycine elution of membrane- 
bound conjugates may also provoke cell detachment and incubation time must be 
minimal (do not exceed 15 min). Inspect cell morphology and monolayer integ- 

. rity by phase contrast microscopy and terminate "high risk" exposures at the first 
signs of cell retraction, rounding or detachment. 

3. Fixation of cells with 2% paraformaldehyde solution (10-15 min) is generally 
used when preparing samples for immunofluorescence, but the concentration 
must be optimized and can be lowed to 0.5 % to 1% if necessary to avoid disrup- 
tion of the plasma membrane and partial cell permeabilization. In addition, the 
concentrations and incubation times of labeled antibodies given above are arbi- 
trary and should be adjusted for particular preparations. To block nonspecific 
binding of labeled antibodies, preincubate fixed cells with a solution 10-20% 
serum of a corresponding animal species before immunostaining. To reduce non- 
specific binding of the immunoconjugates (e.g., to control cells that do not 
express a target antigen), use incubation media containing 2-4% BSA. 

4. Adjust settings for acquisition and processing of fluorescence images to optimize 
visualization. For instance, in the case that fluorescent signal was low, rational 
increase of the exposure time or brightness post-acquisition can be performed, 
although preserving the specificity of the signal and the ledtimacy of the image. 
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This approach helps to colocalize fluorescent signals obtained from different 
objects when labeled with fluorescent probes at different intensity, such as stain- 
ing of a highly fluorescent FITC-labeled conjugate using secondary antibody that 
is relatively poorly labeled with Texas Red. Merging the images taken under 
similar acquisition parameters will show FITC signal masking Texas Red on the 
same object, not permitting visualization of a real double-labeled object and, 
therefore, leading to misinterpretation of the result. In addition, the choice of the 
fluorescent probes to reveal colocalizing objects should be made such that colors 
resulting from merged images permit an easy interpretation of the results. For 
instance, colocalization of green and red results in yellow and the three colors 
can be readily interpreted. However, colocalization of green and blue results in a 
light, bluish shade, not clearly distinguishable from the two parental colors. 

5. Finally, the data on internalization and degradation of the radiolabeled conju- 
gates should be analyzed and interpreted cautiously. For instance, multimeric 
conjugates can bind to cells with such high avidity that resulting large antibody/ 
antigen clusters are difficult to disrupt by glycine elution, providing false-posi- 
tive internalization result. Visualization of the uptake using double-fluorescence 
based techniques permits to circumvent this artifact. 
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Endothelial Endocytic Pathways: Gates for Vascular Drug Delivery 
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Abstract: Vascular endothelium plays strategic roles in many drug delivery paradigms, both as 
an important therapeutic target itself and as a barrier for reaching tissues beyond the vascular 
wall. Diverse means are being developed to improve vascular drug delivery including stealth 
liposomes and polymer carriers. Affinity carriers including antibodies or peptides that 
specifically bind to endothelial surface determinants, either constitutive or pathological, enhance 
targeting of drugs to endothelial cells (EC) in diverse vascular areas. In many cases, binding to tm^i^m. nm%. wm 
endothelial surface determinants facilitates intemalization of the drug/carrier complex. There are several main endocytic 
pathways in EC, including clathrin- and caveoli-mediated endocytosis, phagocytosis and macropinocytosis (these two are 
less characteristic of generic EC) and the recently described Cell Adhesion Molecule (CAM)-mediated endocytosis. The 
latter may be of interest for intracellular drug delivery to EC involved in inflammation or thrombosis. The metabolism and 
effects of internalized drugs largely depend on the routes of intracellular trafficking, which may lead to degrading 
lysosomal compartments or other organelles, recycling to the plasma membrane or transcytosis to the basal surface of 
endothelium. The latter route, characteristic of caveoli-mediated endocytosis, may serve for trans-endothelial drug 
delivery. Pericellular trafficking, which can be enhanced under pathological conditions or by auxiliary agents, represents 
an alternative for transcytosis. Endothelial surface determinants involved in endocytosis, mechanisms of the latter and 
trafficking pathways, as well as specific characteristics of EC in different vascular areas, are discussed in detail in the 
context of modem paradigms of vascular drug delivery. 

Keywords: Drug delivery, Vascular endothelium, Endocytosis, Transcytosis, Paracellular transport, Intracellular trafficking. 

1. INTRODUCTION. VASCULAR ENDOTHELIUM: A 
BARRIER AND TARGET FOR DRUG DELIVERY 

The inner surface of blood vessels is lined with 
endothelial cells (EC) strategically positioned to control 
vascular physiology. EC control numerous vital fiinctions 
and represent an extremely important target and barrier for 
drug delivery. 

For instance, numerous vasoactive factors secreted by EC 
and including (yet most likely not limited to) NO, 
prostacyclin and endothelium-derived hyperpolarizing factor 
(EDHF), suppress contractility of the vascular smooth 
muscle cells and therefore control vascular tone [1,2]. 

EC help to control thrombosis [1]. For example, in 
concert with plasma protein C, endothelial transmembrane 
glycoprotein thrombomodulin converts thrombin into an 
anti-coagulant enzyme [3]. Among other anti-thrombotic 
factors, EC secrete NO and prostacyclin, which suppress 
platelet aggregation, as well as urokinase and tissue type 
plasminogen activators that dissolve blood clots via 
generation of the fibrin-degrading protease plasmin. 

The endothelium is also involved in inflammation, a 
process that is often intertwined with thrombosis [4, 5]. 
Under normal circumstances, EC provide very limited, if 

•Address correspondence to this author at the IFEM, University of 
Pennsylvania Medical Center, 1 John Morgan Building, 3620 Hamilton 
Walk, Philadelphia, PA 19104-6068, USA; Tel: 215-898-9823; Fax: 215- 
898-0868; E-mail: muzykant@mail.med.upenn.edu 

any, support for activities of pro-inflammatory cells (e.g., 
white blood cells, WBC). However, pathological mediators, 
including cytokines, reactive oxygen species (ROS), growth 
factors and abnormal shear stress, induce endothelial 
secretion of chemoattractants and exposure of adhesion 
molecules leading to leukocyte attraction, adhesion and 
transmigration [6-9]. 

Furthermore, EC play an important role in normal and 
pathological vascular redox mechanisms [10]. They produce 
ROS (superoxide anion O2" and H2O2) via enzymatic 
pathways that can be further activated by pathological 
mediators [11]. ROS apparently play an important role in 
cellular signaling. However, ROS overproduction by EC or 
by activated WBC leads to vascular oxidant stress, 
inactivation of NO by O2', lipid peroxidation and tissue 
injury [12]. 

EC function is modulated by exposure to dynamic 
environmental factors such as blood flow shear stress, 
aggressive inflammatory cells and compounds in the 
circulation, including lipids, proteases, oxidants and 
xenobiotics. Disruption of normal endothelial function can 
exacerbate the pathology of a number of diseases including 
atherosclerosis, hypertension, thrombosis, diabetes, acute 
lung injury and sepsis. Improper EC function can also lead to 
defects in angiogenesis, which in turn, could either inhibit 
vascularization during wound repair resulting in tissue 
necrosis or cause inappropriate blood vessel formation, 
which can lead to tumor vascularization. Therefore, EC 
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represent an important potential target for delivery of 
therapeutic agents including, but not limited to, antioxidants 
to protect against oxidative stress, anticoagulants and 
fibrinolytics to manage thrombotic stress, NO donors to 
reduce vessel tone and blood pressure, and anti- 
inflammatory agents to suppress vascular inflammation. 

The total surface area of vascular endothelium in the 
human body approaches the size of a tennis court (~ 240 m^), 
making it a large and highly accessible target for drugs 
circulating in the bloodstream. Most therapeutic agents, 
however, have no specific affinity to this target. Therefore, 
only a small fraction of injected drugs produces a therapeutic 
effect in endothelium, whereas the major fi-action is handled 
as a waste product, or worse, produces deleterious side 
effects. Furthermore, binding to target cells is necessary, but 
not sufficient, for effective action of many drugs, which 
require intemalization and proper sub-cellular addressing. 
Thus, it is a key issue in the design of drug delivery vehicles 
to create carriers that are targeted to EC and also are 
trafficked by the target cells to destinations where they can 
have maximal efficacy. Recognizing this problem, more and 
more groups are focusing their research efforts on the design 
of novel strategies for targeted delivery of therapeutics to EC 
[13-26]. 

With other layers of the blood vessel wall, the 
endothelium forms a barrier for delivery of drugs to 
extravascular targets, such as tumors, brain and myocardium. 
Understanding the mechanisms involved in trans-cellular and 
pericellular endothelial transport may permit more effective 
delivery of these drugs. Among other parameters, endothelial 
uptake and transcytosis depend on the size of a transported 
agent. Barrierfunction of endothelium is especially restrictive 
for large therapeutic molecules (e.g., proteins or genetic 
materials) and drug delivery systems that employ carrier 
nanoparticles, liposomes, or high molecular mass polymers. 

Therefore, the endothelium is an extremely important 
tissue in the context of vascular drug delivery, either as a 
target itself for therapeutic interventions by a delivered drug 
or as a barrier on route to peripheral tissues [27, 28]. 
Targeted delivery of drugs to endothelium and control of 
their intemalization, sub-cellular addressing and transendo- 
thelial transport are critically important components for the 
rational design of safe, effective and specific therapies. The 
goal of this article is to review these issues in the context of 
drug delivery systems designed for targeting of drugs to and 
beyond EC. 

2. A BRIEF OVERVIEW OF VASCULAR DRUG 
DELIVERY SYSTEMS 

Most known drugs lack specific binding and uptake by 
target organs. On the other hand, many drugs undergo rapid 
inactivation in the body by aggressive components of blood 
and special cellular detoxiiying systems. In addition, some 
drugs including therapeutic enzymes (e.g., proteases), have 
specific inhibitors in the blood. Also, drugs can be 
eliminated through a number of mechanisms, including 
clearance fi-om the bloodstream by non-specific targets (e.g., 
red blood cells and hepatocytes) and specific clearance 
systems (e.g., reticuloendothelial system and renal filtration). 
This often dictates that administration of large doses is 

required for efficacy, also increasing potentially dangerous 
side effects. 

Elimination and inactivation of pharmacological agents is 
decreased when a therapeutic "cargo" is loaded into or 
conjugated with natural or artificial carriers increasing 
bioavailability of a drug (e.g., liposomes, polymer nano- 
particles, lipoproteins, blood cells or proteins) [27, 29-37]. 
Coating of drugs or their carriers by activated polyethylene 
glycol, PEG, forms an aqueous shell masking against natural 
protective mechanisms including macrophages, complement 
and immune cells, a strategy sometimes referred to as 
"stealth" technology [38-40]. PEG-coating markedly 
prolongs circulation of drugs and reduces side effects 
associated with the immune response and systemic activation 
of host defense including complement and leukocytes. 

In addition, many delivery systems such as liposom^ or 
conjugation with carrier lipoproteins, facilitate intracellular 
uptake of drugs [41]. The mechanisms of this phenomenon 
are complex and depend on specific cell type and carrier (see 
below). However, there are several mechanisms employed 
by currently available drug carriers to facilitate intracellular 
uptake. 

First, drugs conjugated with ligands of cellular receptors 
can be internalized via vesicle-mediated pathways. 
Endocytosed carriers usually follow the namral itinerary 
their receptors would normally traverse to the point of 
dissociation or degradation in intracellular compartments 
such as lysosomes. For example, cells expressing transferrin 
receptor internalize drugs conjugated or genetically fused 
with transferrin via clathrin-mediated endocytosis [42]. 
Second, fusion-competent liposomes can be designed to 
enter the cells via endocjftic pathways, leading to delivery 
and fusion with intracellular membrane organelles, or to fuse 
with lipids in the plasma membrane, thus injecting their 
content directly into the cytosol. In an attempt to control the 
extent and specificity of cytosolic delivery, liposome carriers 
have been designed that are destabilized after intemalization 
at acidic pH in endocytic compartments prior to release of a 
drug or fiision with cell membranes [43]. Third, antibodies 
and their derivatives with multivalent binding sites facilitate 
cellular entry of liposomes [44-48]. Fourth, a more recent 
approach to cytosol delivery has been to couple proteins and 
sub-micron particles with the TAT-peptide fi-om HIV virus, 
which in some instances can enter cells in an energy 
independent manner, although they may require endocytosis 
in other cases [49,50]. This and some other charged peptides 
enriched with lysine and/or arginine promiscuously permeate 
cell membranes and enable cytosolic delivery to diverse cell 
types in vitro and in vivo [51, 52]. 

Therefore, diverse natural carriers (e.g., lipoproteins or 
transferrin) or synthetic carriers (e.g., liposomes) can 
facilitate vascular drug delivery and intracellular uptake. In 
the next section we consider how these means can be 
employed in the context of specific drug targeting to EC. 

3.    ENDOTHELIAL    SURFACE    DETERMINANTS: 
POTENTIAL TARGETS FOR DRUG DELIVERY 

Stealth liposomes, protein carriers and other delivery 
systems prolong the circulation time of drugs and may 
enhance their cellular uptake, but do not confer an affinity to 
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EC. Unless drugs are coupled to high-affinity carriers, the 
circulation removes drugs and their derivatives rapidly, even 
after local infusion via vascular catheters. In these instances, 
the major fraction of injected materials ends up in the liver 
and not in EC. Devices allowing a transient cessation of 
blood flow in the site of catheter placement have been 
designed in order to attain a high local concentration and a 
more effective prolonged interaction of the infused material 
with endothelium, but blood flow interruption may lead to 
ischemia and vascular injury. 

Viable means for effective, rapid, and safe targeting of 
therapeutic molecules to EC are beginning to emerge to 
address this important and persisting biomedical problem. In 
order to facilitate targeting, cargoes or their carriers can be 
conjugated (chemically or genetically) with affinity moieties 
that bind to EC. Antibodies directed against endothelial 
surface determinants and small antigen-binding fragments of 
these antibodies represent one of the most useful classes of 
aiifinity carriers for targeted drug delivery to EC. Indeed, 
coupling drugs with carrier antibodies permits targeted 
delivery to EC (vascular immunotargeting) [19, 53], 

Immunostaining of tissues, in vivo selection of peptide 
ligands using phage display and tracing labeled antibodies in 
animals have been used to identify several EC antigens that 
potentially can be used as targets [14, 15, 20, 21, 54-57]. 
However, no universal or ideal carrier suits all therapeutic 
needs. Specific therapeutic goals require different secondary 
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effects mediated by binding to EC, drug targeting to different 
sub-populations of EC (e.g., resting vs. inflammation- 
engaged EC), and to diverse cellular compartments. Also, 
targeted delivery of antioxidants or NO-donors to normal or 
resting EC can be useful for either prophylaxis or therapies. 
On the other hand, specific recognition and drug delivery to 
abnormally activated or pathologically altered EC might 
permit more specific means for treatment of such maladies as 
localized tumor growth and inflammation. Table 1 shows 
some endothelial determinants useful for experimental 
vascular targeting to EC, which may have therapeutic 
potential. 

Several surface determinants are potentially useful for 
targeting either normal and/or pathologically altered EC. For 
example, antibodies to thrombomodulin (TM), a constitu- 
tively expressed EC antigen, can be used for targeting of 
diverse cargoes to the endothelium [58]. Unfortunately, TM 
is functionally "untouchable" for therapies, because its 
inhibition by anti-TM may cause thrombosis [59]. However, 
TM antibodies are being successfully utilized for delivery of 
reporter or toxic compounds to the pulmonary EC in animal 
models [60]. 

Angiotensin-converting enzyme (ACE) is a 
transmembrane glycoprotein expressed on the endothelial 
luminal surface, which converts Ang I into Ang II to induce 
vasoconstricting, pro-oxidant and pro-inflammatory 
activities [61-63]. Pulmonary vasculature is enriched in 

Table 1.    Endothelial Determinants: Selected Candidate Targets for Drug Delivery 

Target Function and Localization Targeting Advantages 

ACE 

PECAM 

ICAM 

E-selectin 

P-selectin 

gp90 

gp85 

gp60 

Peptidase, converts Ang I into Ang II and 
cleaves bradykinin. ACE enriched in the 

lung capillaries. 

Selective targeting to lung EC. Intracellular 
delivery, Vasodilating and anti- 

inflammatory effects of ACE inhibition. 

TM        j   Binds thrombin and converts it into an anti- 
coagulant enzyme. Enriched in the lungs. 

Intracellular delivery to EC useful for 
modeling of lung injury in animals. 

Facilitates transmigration of leukocytes. 
Stably expressed in EC borders. 

Intracellular delivery of anti-PECAM 
conjugate may also suppress inflammation 

Mediates leukocyte adhesion to EC. Stably 
expressed by EC, and up-regulated by 

pathological agents. 

Similar to PECAM, but inflammation 
enhances targeting. 

Supports leukocytes adhesion. Expressed 
only on altered EC. 

Intracellular targeting to EC in inflammation 

Similar to E-selectin Similar to E-selectin 

Function unknown. Localized in EC cavoli. Transendothelial targeting. 

Function unknown. EC avesicular zone in 
alveolar capillaries. 

Targeting to the EC surface 

Albumin-binding protein in EC caveoll Transendothelial targeting 

Potential Problems 

Inflammation suppresses targeting. ACE 
inhibition may be dangerous. 

Inflammation suppresses targeting. 

Thrombosis due to TM inhibition. 

PECAM-signaling and side effects are not 
understood 

Similar to PECAM 

Targeting is not robust. Transient 
expression. 

Similar to above. Targeting platelets 

Human analogue and side effects are not 
known. 

Similar to above 

Side effects and specificity of targeting are 
not known 

- glycoprateiilf'""'' ^^ ' ""«'°'™""-'™^'"™8 ™^'- ™" 'hrombomodulin, PECAM - platelet-endothelial adhesion molecule. ICAM - intercellular adhesion molecule; gp 



4   Current Vascular Pharmacology, 2004, VoL 2, No. 3 Mu:ykantov et aL 

ACE: nearly 100% of EC in the alveolar capillaries ar« 
ACE-positive vs <15% ACE-positive EC in the extra- 
pulmonary capillaries [64]. Radiolabeled anti-ACE 
accumulates in the pulmonary vasculature after intravascular 
and intraperitoneal injections in rats, cats, primates and 
humans [14, 17]. Diverse reporter compounds and drugs 
conjugated with anti-ACE accumulate selectively in the 
lungs after intravenous injection in rats [14, 17, 65]. 
Recently, anti-ACE has been used successfiilly for re- 
targeting of viruses to pulmonary EC in rats [25,26]. 

ACE also inactivates bradykinin, a peptide stimulating 
NO production, although Ang II may stimulate NO 
production by EC [66]. Some anti-ACE antibodies block its 
active site and/or facilitate ACE shedding from the 
endothelium by specific secretases regulated by 
metalloproteases [67-69]. However, other ACE antibodies 
enable ACE to retain its fiinction. Therefore, using ACE 
antibodies directed to different epitopes enables targeting 
strategies to be developed that either retain or inhibit ACE 
activity, enhancing flexibility and therapeutic applicability of 
the strategy. ACE inhibition may be beneficial in conditions 
associated with vascular oxidant stress, ischemia and 
inflammation. 

Pro-inflammatory agents (e.g., ROS) suppress 
endothelial expression of ACE [70, 71] which may inhibit 
therapeutic targeting. However, anti-ACE is a good 
candidate for targeting to the pulmonary endothelium for a 
prophylactic use; it does not cause acute harmful reactions in 
animals and humans [17]. EC internalize anti-ACE that may 
deliver drugs intracellularly [65]. Anti-ACE-conjugated 
antioxidant enzymes such as catalase, accumulates in rat 
lungs in vivo [72] and protect perfused rat lungs against 
H2O2 [73]. 

Platelet-Endothelial Cell Adhesion Molecule-1 (PECAM, 
CD31) is a pan-endothelial transmembrane Ig superfamily 
glycoprotein (m.w. 130 kD), predominantly localized in the 
sites of cellular contacts in the endothelial monolayer [74]. 
Platelets and WBC also express PECAM, but at levels that 
are orders of magnimde lower than EC. PECAM is abundant 
in EC, which express millions of anti-PECAM binding sites 
[75]. In addition, PECAM is a stable EC antigen: cytokines 
and ROS do not down regulate its expression and surface 
density on the endothelium. This promises a robust PECAM- 
targeted drug delivery to either normal or pathologically 
altered vasculature, for either prophylaxis or therapies. 

PECAM is involved in the cellular recognition, adhesion, 
signaling, and trans-endothelial migration of leukocytes [74]. 
Adhesion and transmigration of leukocytes is involved in 
pathogenesis of many disease conditions including 
inflammation, sepsis, atherosclerosis, acute lung injury and 
diabetes [76-78]. Animal studies showed that blocking 
PECAM by administration of anti-PECAM suppresses 
inflammation and protects organs against leukocyte- 
mediated oxidant stress [77, 79]. Therefore, anti-PECAM 
targeting may provide secondary benefits for management of 
inflammation, perhaps by attenuation of leukocyte 
transmigration. 

EC bind anti-PECAM without intemalization, but anti- 
PECAM conjugation (e.g., by streptavidin) provides 
multimeric   anti-PECAM   complexes   that   are   readily 

internalized by endothelium and accumulate in animal lungs 
in perfusion or after IV administration [64, 75]. An active 
reporter enzyme, beta-galactosidase, conjugated to anti- 
PECAM has been shown to accumulate intracellularly in the 
pulmonary endothelium as soon as 10 min after IV injection 
in mice and pigs [80,81]. 

Intercellular Adhesion Molecule-1 (ICAM-1, CD54) is 
another Ig superfamily surface glycoprotein with a short 
cytoplasmic domain, transmembrane domain and large 
extracellular domain [6, 82-84]. It is normally expressed by 
EC at relatively high surface density (2x10-2x10^ surface 
copies per cell). Some other cell types also express ICAM-1 
(e.g., alveolar epithelial cells, macrophages). However, the 
major fraction of blood-accessible ICAM-1 is exposed on the 
luminal surface of EC. Several laboratories demonstrated 
robust and specific binding of radiolabeled ICAM antibodies 
and anti-ICAM conjugates to vascular endothelium after 
intravenous administration in diverse laboratory animals [64, 
73, 85-87]. 

Pathological stimuli, such as ROS, cytokines, abnormal 
shear stress and hypoxia stimulate surface expression of 
ICAM-1 by EC via signaling mechanisms involving 
activation of MAP kinases and nuclear translocation of NF- 
kappaB [88, 89]. ROS and cytokines elevate the ICAM-1 
surface density in pulmonary EC [90, 91]. Therefore, in 
contrast with some other constitutive endothelial 
determinants (e.g., TM and' ACE), immunotargeting to 
ICAM-1 is not suppressed, but instead is markedly 
facilitated in inflammation and other pathological conditions 
[85-87, 92-96]. 

ICAM-1, a counter-receptor for integrins on WBC, 
supports their firm adhesion to EC and thus contributes to 
inflammation [97-100]. In addition, ICAM-1 serves as a 
natural ligand for certain viruses [101]. ICAM-1 may also 
serve as a signaling molecule, yet the exact mechanisms, 
specificity and significance of this signaling in different cell 
types remains to be more fully elucidated. Antibodies 
(including humanized murine mAbs) directed against ICAM- 
1 suppress leukocytes adhesion to EC, thus producing anti- 
inflammatory effects in animal models and clinical 
pathological settings associated with vascular injury, such as 
acute inflammation, ischemia/reperfiision and oxidant stress 
[102-106]. Blocking of endothelial ICAM-1 by targeting 
may inhibit leukocyte adhesion to EC and thus suppress 
inflammation, a benefit for treatment of vascular oxidant and 
thrombotic stress. The anti-inflammatory effect of anti- 
ICAM conjugates may be even more potent due to their 
potentially higher affinity/valency and down regulation of 
surface ICAM-1 via intemalization (see below). 

Antibodies directed against constitutive cell adhesion 
molecules PECAM and ICAM described above do not 
discriminate between EC in different vascular areas, thus 
providing "pan-endothelial targeting". Anti-PECAM and 
anti-ICAM directed conjugates accumulate preferentially in 
the lungs after intravenous administration (due to the fact 
that pulmonary vasculature represents about 30% of the total 
vascular surface in the body and receives 100% cardiac first 
pass venous blood output), whereas injecting via catheters 
inserted in a conduit artery facilitates local delivery in the 
downstream vascular area [64, 81]. Local delivery may also 
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be enhanced by surface endothelial determinants enriched in 
particular vascular areas or in focal pathological processes. 

For example, glycoprotein gp85 identified by Ghitescu 
[107] is predominantly localized in the thin part of EC body 
that separates alveolar and vascular compartments and lacks 
main organelles ("avesicular zone"); gp85 monoclonal 
antibodies accumulate in rat pulmonary vasculature without 
intemalization [108]. On the other hand, animal studies 
showed that the pulmonary endothelium in rats contains 
surface determinants localized to cholesterol-enriched 
plasma membrane microdomains, including caveoli. Ligands 
of determinants localized to caveoli such as gp60 and gp90 
also accumulate in the pulmonary vasculature after intra- 
venous injection in rats, enter EC and traverse endothelial 
barrier [57]. The functions and human counterparts of these 
endothelial determinants are not known and, thus their 
potential utility as targets for drug delivery is not clear. 
However, caveoli-localized determinants might provide an 
exciting opportunity for trans-endothelial drug delivery (see 
Section 6). 

Endothelium in the cerebral vasculature represents a 
specially important and difficult target. Recent animal 
studies showed that carrier antibodies and peptides directed 
to several surface determinants relatively enriched in EC in 
the brain, including receptors for transferrin, insulin, 
putrescin and some growth factors, permit delivery of the 
reporter compounds and genes into the brain [109-111]. 
Importantly, some of these endothelial receptors apparently 
permit transendothelial drug delivery into the brain tissue 
and neurons (see in Section 6). 

EC exposed to inflammatory mediators and abnormal 
shear stress show cell surface expression of P-selectin, 
normally stored intracellularly and mobilized rapidly to the 
surface, and E-selectin, which is newly synthesized by 
activated EC [7]. Therefore, selectins are transiently exposed 
on the surface of stressed EC [112, 113]. Experiments in cell 
cultures and limited animal studies show that selectins may 
permit targeting of drags to cytokine-activated endothelium 
[16,114-118]. 

EC in solid tumors also represent a specially important 
and challenging target for delivery of agents designed to 
visualize tumors, inhibit angiogenesis, or eradicate malignant 
cells [119-121]. Tumor vasculature is characterized by 
numerous morphological abnormalities [122, 123]. EC in 
tumor vessels expose abnormal determinants including 
selectins (see above), integrins, apoptosis markers and 
receptors for growth factors [124-128]. Targeting these 
determinants in tumors might be useful to accomplish two 
goals: i) inflict damage in the tumor vasculature leading to 
thrombosis, infarction and starvation of malignant cells [18, 
129] and, ii) delivery of anti-tumor agents to the proper 
malignant cells using, for example, PEG-immunoliposomes 
or polymers loaded with taxol or doxorubicin [130, 131]. 
The latter approach involves permeation of the endothelial 
barrier, mostly via paracellular pathways (see Section 6). EC 
seem to internalize protein carriers modified with peptides 
containing RGD sequence to provide recognition of integrins 
over-expressed on tumor endothelium [132]. 

In simimary, affinity carriers directed to diverse 
determinants    presented    on    surface    of   normal    or 
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pathologically altered EC, permit targeted delivery of 
reporters and, perhaps, therapeutic cargoes to the vascular 
endothelium. In addition to this delivery function, affinity 
carriers may provide additional means to control rate of 
intemalization and sub-cellular or trans-cellular traffic. This 
subject will be considered in more detail in the following 
sections. 

4. MECHANISMS OF ENDOTHELIAL ENDO- 
CYTOSIS 

Endocytosis is a complex and delicately coordinated 
process, which involves an extensive cellular machinery to 
mediate the formation of membrane transport vesicles to 
enable the intemalization of extracellular material (reviewed 
in [133-135]). In endothelium, which is strategically 
positioned at the interface between blood vessels and 
interstitial milieu, endocytosis has a prime role in the 
maintenance of body homeostasis by regulating transendo- 
thelial gradients and the transport of macromolecules 
(reviewed by [136, 137]). Depending upon the ultimate fate 
of the internalized vesicles, endocytic events in EC have 
been categorized as either endocytosis, i.e., the uptake of 
fluids, biomolecules and other ligands that sort to endotheUal 
processing pathways, or transcytosis that reflects transport 
across the cells to the subendothelial space [138-140]. EC 
employ multiple mechanisms for vesicle-mediated 
membrane transport (see Fig. 1 and Table 2). The 
mechanism of endocytosis is frequently dictated by 
membrane receptors used by extracellular ligands to bind to 
the plasma membrane as a prerequisite to intemalization. 

Caveolar-mediated uptake plays an important role in 
endothelial transport functions (reviewed by [141-144]). 
Caveolar-mediated endocytosis is preferentially inhibited by 
chelators of cholesterol (e.g., filipin or cyclodextrin) and is 
mediated by interactions of the coat protein caveolin with 
cell signaling and cytoskeletal molecules. Intemalization via 
caveoli is involved in the uptake of glycolipids, GPI- 
anchored proteins, and chemokines [145-148], dynamic 
recycling of brain microvascular EC membranes [149], 
constitutive mmover of TM [150], potocytosis of folate and 
other solutes [151], and can participate in the regulation of 
the vascular permeability [152]. Importantly, caveolar- 
mediated endocytosis serves as an entry point for 
transcytosis of many compounds through the endothelial 
monolayer firom the bloodstream to sub-endothelial tissues 
(see Section 6). 

Clathrin-mediated endocytosis, which is the predominant 
form of receptor-mediated endocytosis in most cell types, is 
less prominent in EC than caveolar-mediated endocytosis. 
Nonetheless, numerous cases of clathrin-mediated 
endocytosis have been reported among EC, particularly, in 
EC in hepatic sinusoids, which participate in clathrin- 
mediated intemalization of IgG immune complexes via Fc 
receptors [153]. Mannose-terminated glycoproteins or 
lactosilated albumin particles are intemalized through 
mannose or galactose-specific receptors [154, 155]. Also, 
colloidal gold coated with mannan, albumin, or 
thrombospondin aggregates on coated pits and is taken up by 
EC in sinusoids in liver [156-159]. This is also the case for 
chondroitin sulphate proteoglycan attached to gold particles, 
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Fig. (1). Endocytic pathways. Endocytosis accounts for the intemalization of extracellular material into cells, mediated by formation of 
transport vesicles derived from the plasma membrane. The terms "phagocytosis" and "pinocytosis" refer to the uptake of large particulate 
ligands and extracellular medium, respectively. In addition, macromolecular ligands can bind to specific receptors at the plasma membrane, 
triggering their intemalization by what is known as "receptor-mediated endocytosis". This term contrasts with "macropinocytosis", which 
consists in the non-adsorptive bulk uptake of extracellular fluids. Cell adhesion molecule (CAM)-mediated endocytosis is stimulated by 
clustering Ig superfamily CAMs. "Clathrin-" and "caveoli"-mediated pathways are ubiquitous endocytic mechanisms, whereas 
"phagocytosis" and "macropinocytosis" are most typically presented by specialized cells (e.g., macrophages, dendritic cells). The five 
different pathways depicted have been found to some extent in EC, yet "caveoli"-mediated endocytosis seems to be the most active process. 

Table 2.    Endocytic Pathways and Inhibitors 

Internalization pathway 

Clathrin-mediated 

Clathrin-mediated 

Clathrin-mediated 

Caveoli 

Caveoli 

Caveoli 

Multiple 

Macropinocytosis/Phagocytosis 

Multiple 

Macropinocytosis 

Macropinocytosis 

EGF/BCR receptor uptake 

Rho dependent uptake 

Macropinocytosis/Phagocytosis 

Inhibitor Molecular target 

Potasium depletion Clathrin dissociation 

MDC Protein Interaction at latices 

Amantadine 

Genistein 

Filipin 

Cyclodextrin 

Dynamin K44A, PH* 

Cytochalasin 

Latrunculin 

Amiloride 

BIM-1, H7, staurosporin 

Radicicol 

¥27632 

Wortmannin 

Vesicle budding 

Tyrosine kinases 

Cholesterol sequestration 

Cholesterol extraction 

Dynamin 

Actin filaments 

Monomeric actin 

NaTH" exchanger 

Protein kinase C 

Src kinase 

ROCK 

PI3 kinase 

MDC - Monodansyl cadaverine. Dynamin K44A - dominant negative dynamin affected at the ATPase site. Dynamin PH* - dominant negative dynamin affected at the plecktrin 
homology domain. BIM-I - Bisindolylmaleimide-l. H7 - l-(5-Isoquinolinesulfonyl)-2-methylpiperazine. ROCK - Rho dependent kinase. PI 3 kinase - phosphatidyl inositol 3 
kinase. 
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which bind to hyaluronic acid/chondroitin sulphate receptor 
at the plasma membrane and undergo intemalization by 
coated pits in rat liver EC [160]. 

The endothelium in many organs (i.e. spleen, bone 
marrow, thymus, or brain) has been shown to internalize 
ligands through clathrin-mediated endocytosis, as is the case 
for acetoacetylated or acetylated LDL [161], gold-coated 
LDL or insulin/[162], and transferrin [163, 164]. Also, EC 
likely internalize lipoprotein lipase (LPL) by clathrin-related 
mechanisms. LPL synthesized and secreted by EC is retained 
on the abluminal side, being further transported across the 
cell to the apical space [165], where it provides intravascular 
hydrolysis of triacylglycerol-rich lipoproteins [166] and also 
contributes to LDL-holoparticle turnover and selective 
uptake of LDL-associated lipids [167]. Intemalization of 
LPL within the cell might occur as a consequence of its 
interaction with heparan sulphate proteoglycans during 
turnover or recycling of the latter [168]. For instance, LPL 
stimulates endocytosis of LDL upon binding of membrane- 
associated heparan sulphate [169] and also enhances binding, 
uptake and degradation of glycated LDL in a manner 
independent of LDL receptor and LDL-receptor related 
protein [170]. Additionally, LPL has been found to bind with 
high affinity to the glycoprotein gp330 in microvascular EC 
[171, 172]. Although the localization of gp330 in EC 
remains unclear, this is typically concentrated to clathrin- 
coated areas in epithelial cells, indicating that LPL 
intemalization might be mediated by a clathrin-related 
pathway [173]. However, lipoprotein interactions with the 
syndecan family of endothelial proteoglycans also can lead 
to intemalization via a clusterization-induced pathway 
distinct firom coated pits endocytosis [174]. 

Clathrin-coated pits also mediate constitutive 
intemalization of plasma membrane proteins, as is the case 
for E- and P-selectins, two inducible endothelial adhesion 
molecules whose recycling and/or surface expression is 
regulated by clathrin-mediated uptake [112, 175]. The 
inducible expression of selectins has been used as a means to 
enable intracellular delivery to activated EC. For instance, 
anti-E-selectin targeted liposomes or conjugates have been 
found to internalize via clathrin-coated pits within EC, to 
enable intracellular delivery of anti-inflammatory dmes 
[176,177]. 

Another membrane intemalization process represented in 
EC, although to a low extent, is phagocytosis (reviewed in 
[178, 179]). Phagocytosis, which is typically displayed by 
macrophages and antigen presenting cells, accounts for the 
intemalization of large (> l^m) particulate ligands [180]. 
This requires initial binding of the particle to specific 
receptors (i.e. scavenger receptor, C3R, FcyR, etc), with 
subsequent activation of a battery of signaling cascades (i.e. 
phosphatidyl inositol 3 kinase and Rho family GTPases, 
among others) (reviewed by [181]). In many instances, these 
events drive a major redistribution of the actin cytoskeleton. 
As a consequence of the cortical actin polymerization, either 
pseudopods or large invaginations form at the cell surface, 
where the plasma membrane surrounds the particulate ligand 
in a zipper-like mechanism [182], finally resulting in a cup- 
shape invagination. This is the case of vascular EC, which 
have been reported to uptake aged red blood cells and 

apoptotic cells with phosphatidylserine exposed in the outer 
layer of the cell surface, upon binding of Aese to the lectin- 
like oxidized LDL receptor 1 (LOX-1) [183]. Neisseria 
meningitidis induces the formation of cellular protmsions via 
activation of Rho and Cdc42 and recmitment of ezrin and 
moesin to the cortical membrane, which mediate bacterial 
entrance in EC [184]. 

In contrast to caveoli-mediated, clathrin-mediated 
endocytosis and phagocytosis, macropinocytosis [185, 186] 
is generally considered a non-receptor mediated process, 
where cells uptake large volumes of extracellular fluids and 
solutes (classical macropinosomes are > Ijtm in diameter), 
during a mechanism that involves active formation of 
membrane ruffles and protmsions at the plasma membrane 
[187-189]. This is reminiscent of phagocytosis, where 
macropinocytosis requires large re-arrangements of the actin 
cytoskeleton, with involvement of protein kinases C and Rho 
family small GTPases as central signal transduction players 
[190-194]. In general, however, macropinocytosis is 
constitutive in highly specialized cells (i.e. macrophages and 
dendritic cells) and can be induced by growth factors in 
epithelial cells [195-197], but does not seem to be a principal 
endocytic pathway in EC. Nevertheless, it has recently been 
found that human immunodeficiency vims (HIV) can access 
brain microvascular EC by a macropinocytic mechanism, 
apparently involving endothelial ICAM-1 [198]. 

However, neither phagocytosis, macropinocytosis nor 
classical clathrin-mediated endocytosis seem to be principal 
endocytic pathways in vascular endothelium. In fact, coated- 
pits are much less abundant than non-coated vesicles in 
capillary endothelium in lung [199]. For example, hormones 
like insulin or gonadotropin [200, 201], long chain fatty 
acids such as oleate [202], or ligands for TM [203, 204], 
have been described to enter vascular EC via coated pits as a 
minor fraction, whereas caveoH account for the intemali- 
zation of the main pool. 

Interestingly, two adhesion molecules constitutively 
expressed in EC, ICAM-1 and PECAM-1, present the 
capability to drive intemalization of small multivalent 
ligands, although neither these molecules nor their 
monomeric ligands (i.e. antibodies) have been found to 
undergo endocytic uptake in endothelium [75, 87, 205, 206]. 
However, major group human rhinovims and respiratory 
syncytial vims use ICAM-1 as a receptor during cell 
invasion, although the mechanism of cell uptake remains 
uncertain [207, 208]. Also, PECAM-1 is required for binding 
of malaria infected red blood cells to EC in culture [209] and 
homophilic PECAM-1 interaction displays a signaling role 
during recognition and phagocytic ingestion of apoptotic 
leukocytes by macrophages [210]. 

This offers a pathway for intracellular delivery of 
therapeutic cargoes, by using small multimeric conjugates of 
ICAM-1 and PECAM-1 antibodies. These have been 
recently shown to enter EC by a non-classical endocytic 
mechanism, CAM-mediated endocytosis, which is distinct 
firom classical clathrin- or caveolar-mediated uptake as well 
as firom phagocytic and macropinocytic processes [206]. In 
particular, intemalization of anti-ICAM-1 or anti-PECAM-1 
conjugates was dependent on antigen clustering, and a 
critical parameter for intemalization was conjugate size (100 
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- 300 nm in diameter). CAM-mediated endocytosis also 
required Rho kinase- and protein kinase C- mediated 
rearrangements of the actin cytoskeleton [206]. 

Anti-PECAM/DNA conjugates provide specific trans- 
fection of EC in culture [205] and in mice [22]. Furthermore, 
anti-PECAM-conjugated glucose oxidase generates H2O2 in 
cultured EC intracellularly in cell culture [211] and induces 
acute oxidative endothelial injury in murine lungs after IV 
injection [212]. Recent studies indicate that anti- 
CAM/catalase conjugates bind to and enter EC, which 
protects endothelium against oxidant stress in cell cultures 
[75,213] and in animals [214]. 

5. INTRACELLULAR TRAFFICKING AND FATE OF 
INTERNALIZED MATERIALS 

The endocytic pathways reviewed above can be used for 
the intracellular or transcellular delivery of therapeutic 
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cargoes in EC. Therefore, control of the cellular processes 
driving the intemalization of site-specific therapeutics is 
important in order to achieve their optimal effects. 
Intracellular trafficking of a drug can be dictated by its entry 
pathway; hence determining its final destination and 
degradation rate. For instance, internalized membranes 
and/or contents can be selected for recycling to the cell 
surface, transported through the cell body and exocytosed by 
transcytosis, sorted to other sub-cellular destinations such as 
Golgi, trans-Golgi network (TGN) or endoplasmic reticuliim 
(ER), or most typically processed for delivery to specialized 
intracellular compartments responsible for degradation of 
internalized materials (see Fig. 2 and Table 3). 

In this context, there are three main systems accounting 
for protein degradation in mammalian cells. Cytosolic 
proteins are degraded by proteosomes or calpains, whereas 
lysosomal proteases digest proteins within the lumen of 
endocytic vesicles. Calpains are cysteine proteases localized 

Fig. (2). Intracellular trafficking. Endocytic vesicles, containing membrane receptors and their respective ligands or other contents, can be 
selected for sorting to different sub-cellular compartments. For instance, these can recycle to the cell surface by "recycling endosome's" (e g 
directly or through Trans Golgi Network (TGN) compartments) or transported through the cell body and exocytosed to the abluminal space 
by "transcytosis". Internalized material can also be processed for delivery to endocytic compartments for degradation (e.g., by trafficking 
through "early endosomes", "late endosomes" and "lysosomes"), or sorted to other sub-cellular destinations such as Golgi or the 
Endoplasmic Reticulum. 

Table 3.    Intracellular Trafficking and Inhibitors 

Traificking pathway Inhibitor Molecular target 

Trans Golgi network (TGN) trafficking Brefeldin TGN/ER-Arfl 

Receptor recycling Chlorpromazine Recycling 

Trafficking to lysosomes and recycling Monensin Na'/H' exchange at the endosome 

Lysosomal degradation Ammonium chloride, chloroquine Vesicle acidification 

Lysosomal degradation Bafilomycin Vacuolar H"-ATPase 

Endosome-lysosome trafficking Nocodazole, colchicine Microtubular network 
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to the cytoplasm and nucleus of all cell types studied 
(reviewed by [215]). They undergo activation by Ca^* and 
phospholipids, which promote targeting of calpains to 
membranes. In this situation, calpains can exert proteolytic 
activity, resulting in modification of enzyme [216] and 
receptor fiinction [217, 218]. Also, cytoskeleton-related 
proteins can undergo modification by calpain activity, as is 
the case for calpain-dependent disruption of integrin/ 
cytoskeleton interactions [216, 219-221]. 

Another cytosolic degradation system, the proteosome, is 
also primarily located in the cytosol of all eukaryotic cells. 
Proteosomes are multisubunit complexes (i.e., 20S, 26S, the 
immunoproteosome, and the hybrid proteosome), which 
contain a common core and different additional regulatory 
subunits (reviewed by [222]). For instance, cytokine- 
dependent immunoproteosome activation has been related to 
the production of peptides that will act as ligands of MHC-I 
[223]. On the other hand, activation of the hybrid 
proteosome (depending on ATP but not on ubiquitin) 
generates peptides that are targeted to ER lumen [224]. The 
function of the proteosome 26S containing subunits that 
confer this complex the ability to selectively recognize, bind 
and cleave ubiquitin-tagged proteins has been extensively 
studied [222]. The process of protein degradation by the 
ubiquitin system requires initial attachment of ubiquitin 
residues to the protein substrate by ubiquitin-protein ligases, 
which recognize particular post-translational modifications 
in the target proteins. Subsequently, the ubiquitin-tagged 
proteins will be degraded by the 26S proteosome complex, 
concomitantly with the release of reusable ubiquitin residues. 

However, most typically lysosomes are responsible for 
proteolysis of internalized material, since most endocytic 
traffic merges with lysosomal compartments. The 
endolysosomal system contains a series of differentiated 
vesicles including early endosomes, late endosomes and 
lysosomes. Early endosomes are the first compartment where 
sorting of materials to recycling, degradation pathways or 
other subcellular organelles is decided [225-229]. In this 
context, H*-ATPases and Na*, K'^-ATPases favor acidificat- 
ion of the endosomal lumen, whereas Na*/H*-exchangers 
help to generate a positive potential that inhibits proton 
influx [230]. These combined actions regulate the pH at the 
early endosome lumen, which becomes to be around 6.3-6.5. 
This mildly acidic pH favors separation of some ligands 
from their receptors, being the latter typically recycled to the 
plasma membrane, whereas ligands tend to traffic to late 
endosomes, as is the case of LDL-R or transferrin-R 
(reviewed by [231]). Alternatively, the receptor/ligand 
complex can also be recycled as a unit, or the complex can 
be entirely targeted to degradation [232]. 

When sorted to lysosomal compartments, materials 
traffic to late endosomes. Here, the vacuolar-ATPase pumps 
H* to the vesicle lumen [233], being responsible for the 
further acidification of this compartment to a pH around 5- 
5.5 [234]. Regulation of pH also depends on Cl" channels 
directed inwardly to counteract the positive membrane 
potential created by the vacuolar-ATPase activity [235]. The 
compartments continue to acidify to very low pH (pH 4.8) 
and materials traffic to lysosomes, the terminal compartment 
in the degradation pathway. Lysosomes appear as electron 
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dense bodies, where the entrapped materials can be then 
rapidly degraded by lysosomal acidic proteases [236]. 

Lysosomal hydrolysis is regulated by proton ATPases 
and cysteine transporters, as mentioned above, and also by 
lysosome-associated membrane proteins, the main protein 
constituent of endolysosomal membranes (reviewed by 
[237]). The latter are heavily glycosylated transmembrane 
proteins, referred to as LAMPs, which protect lysosomes 
from the action of degradative enzymes [238]. Hydrolysis at 
lysosomal compartments is carried out by proteases (i.e. 
cathepsins), including both exopeptidases (cysteine and 
serine proteases) and endopeptidases (cystein and aspartic 
proteases) [237, 239], These proteases are extensively 
glycosylated, which facilitates their trafficking to lysosomes 
and helps confer resistance to low pH [236]. 

An example of a typical endocytic pathway, which 
delivers the internalized materials to the endolysosomal 
system, is clathrin-mediated intemalization, although this 
can also sort the internalized contents to recycling or 
transcytotic pathways, after rapid removal of the clathrin 
coat firom the membrane of the vesicles. For instance, 
transferrin-R or P-selectin can transit fi-om the cell surface to 
endosomes and TGN, following by trafficking back to the 
EC surface [163, 175]. However, rapid degradation of P- 
selectin in lysosomes can also occur as a consequence of its 
frequent passage through endosomal compartments [175]. 

Also, a variety of ligands such as IgG immune 
complexes, glycoproteins, ferritin, thrombospondin, or 
colloidal gold coated with albumin, insulin, LDL or 
chondroitin sulphate proteoglycans are transported within 
minutes to lysosomal compartments in hepatic endothelial 
sinusoids [153, 154, 157-160, 162, 240]. Moreover, site- 
specific delivery vehicles targeted to endothelium through E- 
selectin (i.e. anti-E-selectin liposomes and conjugates) traffic 
rapidly to multivesicular bodies and other acidic 
compartments [176, 177], which could considerably reduce 
the half-life of potential cargoes. In epithelial cells, IgA is 
internalized by clathrin-mediated endocytosis and 
subsequently transcytosed firom the basolateral to the apical 
plasma membrane [241]. Whether this pathway also operates 
in EC remains to be determined, however, some ligands 
internalized by EC through caveolae are transcytosed (see 
Section 6). 

Phagocytosis typically results in lysosomal delivery. 
Phagosomes rapidly undergo uncoating of the actin-based 
machinery after intemalization, with recycling of the plasma 
membrane proteins and degradation of receptors and content 
by sequential fusion with endosomes and lysosomes [109, 
242-244]. Similariy, during macropinocytosis, the 
internalized contents can be recycled to the cell surface, but 
more typically are processed by delivery to the endosome- 
lysosome system. The first case can occur by tubulation of 
macropinosomes with fission into small vesicular 
intermediates [245], whereas classically, macropinosomes 
mature to acidic degradation vesicles by sequential 
interactions with pre-existing compartments [185,246]. 

Ligands internalized by caveolar-mediated endocytosis 
can be sorted to several intracellular compartments using a 
variety of sorting pathways, with an interesting capability of 
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avoiding lysosomal compartments. For instance, cholera 
toxin traffic through early and late endosomes [145, 146], 
and SV40 is sorted from early endosomes to Golgi and 
finally ER [247, 248]. Some ligands, such as folate, can be 
delivered to the cytoplasm during a process called 
potocytosis, where fr)late is transported across the plasma 
membrane while folate receptor remains associated with 
caveolae at the plasma membrane [249]. Others, such as 
alkaline phosphatase, bradykinin, acetylcholine and 
endothelin, are returned to the cell surface after their 
intemalization [147, 250-252]. Therefore, intemalization via 
caveoli tends to favor sorting to sub-cellular compartments 
other than lysosomes and thus may be useful to avoid rapid 
degradation pathways. Also caveolar-mediated uptake 
provides a rapid mechanism for membrane turnover in EC, 
where plasma membrane components traffic through tubular 
endosomes and TGN in a constant influx-efflux cycle [149]. 

As mentioned above, EC can also use a ligand-induced 
endocytic pathway known as CAM-mediated endocytosis 
[206]. This intemalization pathway delivers materials to 
lysosomal compartments with unusually slow kinetics 
(around 3 h) [253]. Conjugation of catalase to anti-ICAM-1 
or anti-PECAM-1 antibodies permits intracellular delivery of 
the active enzyme to EC, and provides anti-oxidant 
protection for a relatively prolonged window time due to the 
slow kinetics of delivery to lysosomes [214,253]. 

The protective effect of anti-CAM delivered catalase can 
be further prolonged either in the presence of drugs acting on 
the microtubular-network (i.e. nocodazole) [253], which is 
involved in traffic to lysosomes [254], or using weak bases 
(i.e. chloroquine), which impair acid-dependent activation of 
degradation enzymes in these compartments [253]. 

6. TRAVERSING ENDOTHELIAL BARRIERS VIA 
TRANSCYTOSIS AND PARACELLULAR TRANS- 
PORT 

In cases when a drug must be delivered to malignant cells 
in tumors, across the Blood Brain Barrier (BBB) or - 
cardiomyocytes in the heart and other extravascular targets, 
endothelium represents a barrier that must be traversed for 
the therapeutic effect. In theory, drugs and macromolecules 
can extravasate via two pathways: transcytosis (i.e., 
endocytosis on the apical surface followed by traffic through 
the EC body to the basolateral surface) or diffusion via 
intercellular junctions (paracellular transport). The role and 
contribution of these two pathways in migration of 
macromolecules from the bloodstream into tissues is a 
subject of intense research and ongoing discussions. The 
theoretical concept of endothelial transcytosis of 
macromolecules involving dynamic or stable trans-cellular 
vesicular channels has been postulated by Majno and Palade 
in the 1960s [255, 256]. However, even today the 
mechanisms, regulation, significance and therapeutic utility 
of this pathway remain very much elusive [257]. 

Numerous studies from several groups including 
experiments in perfused organs and intact animals strongly 
indicate that transcytosis represents a significant route across 
the vascular endothelial barrier [57, 258-263]. When 
considering transcytosis for the purposes of drug delivery, 
ligands are endocytosed by the apical (lumenal) aspect of the 

endothelial plasma membrane, followed by transport through 
a series of intracellular compartments and delivery to the 
basolateral (ablumenal) plasma membrane where they are 
secreted. 

An alternate model for transcytosis is through the 
formation of an organelle, called the vesiculo-vacuolar 
organelle (VVG) that may form dynamic or stable channels 
through cells [264]. Both morphological and functional 
evidence including studies of transendothelial transfer of 
labeled compounds in animal models show the presence of a 
WO in EC [57, 264]. However, relatively little is known 
about mechanisms of WO formation and how it can be 
manipulated pharmacologically. For example, histamine and 
VEGF seem to stimulate transport via WO formation [264], 
but the specificity of this functional modulation is difficult to 
interpret, because these vasoactive agents also facilitate 
pericellular transport (see below). 

Endothelial transcytosis often originates from the 
caveolar endocytotic pathway, where plasma solutes and 
macromolecules are taken up from the bloodstream in bulk 
by fluid phase adsorption (glycogen, dextran, ferritin, etc) or 
by binding to specific receptors (LDL, ceruloplasmin, etc) 
and reach the abluminal space [138, 258, 260, 265-267]. 
Plasma proteins such as albumin, TM, chorionic 
gonadotropin, insulin and growth factors can be transported 
to the abluminal surface of the EC via caveoli-mediated 
transcytosis [200, 201, 266, 268]. The levels of plasma 
lipoproteins and cholesterol homeostasis are believed to be 
maintained largely by endothelium in arteries which, due to 
continuous caveolar uptake, serves to reconstitute the levels 
of cholesterol in the vessel wall and permits the transit and 
subsequent accessibility of cholesterol-carrying lipoproteins 
to sub-endothelial layers of the vessel wall and peripheral 
tissues [269, 270]. 

Several studies indicated that interaction of a protein 
ligand leading to receptor clustering in caveoli and activation 
of specific signaling pathways plays a critical role in 
initiation of transcytosis [260, 261]. For example, caveolar 
clustering of endothelial albumin binding protein gp60 has 
been shown to increase transendothelial permeability by 
mediation of phosphorylation events including signaling 
through the Src family of tyrosine kinases [271]. 
Interestingly, chemical modifications of caveolar ligands, 
such as albumin nitration (that may take place in oxidant 
stress and inflammation) even further stimulate transcytosis 
[272]. 

Caveolar transcytosis pathways are envisioned as means 
for transcellular delivery of therapeutics, which could be 
achieved by targeting caveolae-located receptors. For 
example, active reporter compounds conjugated with 
antibodies directed against specific antigen (gp90) localized 
in pulmonary endothelial caveolae undergo transendothelial 
and transepithelial transport through pulmonary endothelium 
from the blood stream to the alveolar space after injection in 
vivo [57]. Although the function of gp90 and potential 
effects of its inhibition by targeting are unknown, it is 
tempting to speculate that caveolar targeting will permit 
more effective extravascular drug delivery. 

In this context, transcytosis through the BBB represents a 
specific interest. The paracellular pathways (see below) in 
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this vascular area are relatively restricted, yet the BBB 
endothelium is not all that impermeable and yet can be 
traversed via aplethora of agents (for reviews see [273, 
274]). From a biological standpoint, this can be illustrated by 
the fact that Escherichia coli invades the central nervous 
system by transmigration through brain microvascular EC 
using an actin- and microtubule-dependent phagocytic 
mechanism, although this pathway was inactive in systemic 
EC [275]. From a drug delivery standpoint, it is important 
that ligands of insulin, putrescine and transferrin receptors 
are expressed on the BBB endothelium. Also, antibodies and 
high-affinity binding peptides defined using a BBB 
endothelial phage-display library show an encouraging 
ability to accumulate in the brain tissue [32,276]. Moreover, 
proteins and genetic "drugs" or reporter compounds 
conjugated with these affinity carriers display their activities 
in the brain tissue after systemic administration, suggesting 
transmission across the BBB [110,111,277]. 

In addition to transcytosis mechanisms, the density and 
permeability between cells of the endothelial monolayer 
varies between different organs; in this respect, endothelium 
can be roughly categorized into three types. The first type is 
fenestrated endothelium, which is localized to organs of the 
reticuloendothelial system, including hepatic and spleenic 
sinuses and bone marrow. Fenestrae is Latin for "windows" 
and refers to the relatively large pores between the 
fenestrated EC. These pores can be up to several microns in 
diameter and thus permit the relatively imhindered 
extravasation of blood components, including red and WBC 
in these tissues. A second type is continuous endothelium, 
which is present in most of other organs such as cardiac, 
pulmonary and mesenterial blood vessels. Continuous 
endothelium is relatively tighter than fenestrated 
endothelium and has fewer pores with 100 nm diameters. 
Although this can permit passage of raacromolecules to 
tissues, in most cases, filtration through the continuous 
endothelium is restricted to small molecules and solutes such 
as glucose and small hormones. The third type is 
microvascular endothelium, which is the most restricted in 
permeability. In particular, brain microvascular EC form an 
extremely dense monolayer, resulting in an extremely tight 
BBB, which lacks significant permeability for plasma 
proteins and possesses specific enzymatic systems 
(glycoprotein P, e.g.) to facilitate reverse transport of 
molecules from the brain tissue to the circulation *[274]. 
Clearly, due to these differences in vascular permeability, 
BBB endothelium represents the most formidable biological 
barrier for the extravascular drug delivery, while fenestrated 
endothelium does not restrict extravasation of even large 
carriers such as liposomes, polymer particles and viruses 
[278]. 

However, in many organs (e.g., liver) and types of 
vasculature (e.g., venules) the mainstream of transendothelial 
transport for nano-scale drug delivery vehicles such as 
liposomes and polymer carriers follows paracellular 
pathways. Paracellular endothelial permeability is controlled 
by proteins which form the tight junction complex localized 
to contact sites between EC. Proteins in the claudin family 
form the basis for regulating paracellular permeability [279, 
280]. Claudins are not a simple barrier, per se, since many 
claudins form paracellular channels that enable selective ion 

permeability. Also, different tissues express different 
claudins, suggesting at least some regulation at the level of 
h-anscription. Recently, a definitive role for claudin-5 in 
regulating the BBB was demonstrated since substrates less 
than 1 kD molecular mass were fi-eely permeable across the 
BBB in claudin-5 deficient mice [281]. Moreover, claudin 
function and paracellular permeability is also regulated by 
associated transmembrane proteins (occludin, junction 
adhesion molecule (JAM), connexins, VE-cadherin) and 
peripheral proteins, which tether it to the actin cytoskeleton 
such as ZO-1, ZO-2, ZO-3 and PATJ [282-284]. For 
instance, HGF/SF treated vascular EC show increased 
permeability due to ZO-1 phosphorylation, with no effect on 
claudin expression levels, suggesting a change in barrier 
function due to disruption of the ZO-1/claudin-1 complex 
[285]. The ability of VEGF and thrombin to increase 
endothelial permeability may also be due to a comparable 
upstream effect on signaling cascades that alter tight junction 
organization. Hormone activation and cross talk between 
these different classes of junction proteins and the regulation 
of claudin fiinction is just beginning to be elucidated and is 
an active area of research. 

The array of different tight junction associated proteins 
suggests many avenues for pharmacological manipulations 
of vascular permeability (see [286]). Studies using 
clostridium toxin, which binds to the extracellular domains 
of claudin-3 and claudin-4 and disrupts intestinal epithelial 
barrier fiinction provide a basis for the notion that tight 
junction interfaces can be disrupted by targeting claudins. 
Thus, it seems plausible that another class of small 
molecules or perhaps claudin antibodies might provide an 
ahemative strategy for preferential and transient disruption 
of EC tight junctions. In particular, the selective change in 
BBB paracellular permeability exhibited by claudin-5 
deficient mice suggests that specific modulation of claudin-5 
may have potential as a method to temporarily alter BBB 
permeability [281]. Conversely, blockade of junction 
proteins may help increase endothelial barrier fiinction, as 
indicated above, where anti-ICAM-1 conjugates appear to 
inhibit leukocyte transmigration. 

Many pathological mediators and conditions including 
hypoxia, hyperoxia, histamine, VEGF, thrombin, 
hyperthermia, abnormal shear stress, cytokines and ROS 
elevate vascular permeabiKty [287-291]. However, some 
compounds (e.g., adenosine) tend to restrict endothelial 
permeability in cell cultiires [292]. Some permeability- 
enhancing agents (histamine, VEGF) apparentiy stimulate 
both transcytosis [122] and pericellular ti-ansport [291, 293]. 
Vasoactive agents inducing paracellular permea-bility cause 
elevation of cytosolic Ca^'' in EC [294], activation of kinases 
leading to myosin light chain phosphorylation and 
subsequent endothelial contraction and reorganization of 
adhesion contacts [77,288,295,296]. 

Vascular cells, including the endothelium itself, can 
regulate vascular permeability via the action of diverse 
vasoactive substances, which regulate porosity of endothelial 
monolayer and blood pressure (the higher intravascular 
pressure, the more effective extravascular transport). 
Interestingly, one modality of a vasoactive agent (e.g., its 
effect on blood pressure) frequently is balanced by its other 



12    Current Vascular Pharmacology, 2004, Vol. 2, No. 3 Muzykantov et aL 

modality (effect on permeability). For example, endothelial 
ACE converts Ang I into Ang II, which induces 
vasoconstriction, yet ACE also inactivates bradykinin and 
substance P [61], peptides that increase vascular permea- 
bility. EC produce a potent vasodilating agent NO that may 
reduce vascular permeability at low levels [297]. 

Due to activities of substance P, thrombin, ROS, VEGF, 
bradykinin and other kinins endothelial permeability is 
usually enhanced under pathological conditions including 
inflammation, which can exacerbate edema [257]. Both these 
factors and morphological alterations (fenestrations) enhance 
permeability of tumor vasculature and-cause tumor vascular 
leakiness [123, 290, 298]. This phenomenon is being 
actively exploited in design of liposomal and polymer 
carrier-based strategies for drug delivery to tumors 
(enhanced permeability and retention effect, EPR) [299]. 

The role of transcytosis v.y paracellular transport of 
particular compounds under normal and pathological 
conditions is controversial and is the subject of continuing 
discussions. For example, although liposomes can undergo 
endothelial transcytosis in cell cultures, they likely leave the 
vasculature via pericellular pathways in animals [278]. 
Experiments in perfused organs showed that albumin 
extravasation is independent on temperamre, suggesting that 
this process represents a passive diffusion via intercellular 
pores rather than via energy-dependent endocytotic pathways 
[137]. Mice genetically deficient in caveolin, a critical 
component of caveolar endocytotic pathway, do not show 
overt abnormalities of tissue transport of plasma components 
[300, 301]. However, both transcellular and pericellular 
pathways can and should be employed for rational design of 
modem drug delivery systems. In theory, pericellular 
pathways may be more useful for extravasation of drugs in 
tumors and inflammation foci, whereas endothelial 
transcytosis might serve as a pathway for drug delivery 
through the BBB. 

CONCLUSION AND PERSPECTIVES 

Recent years have produced a wealth of knowledge of 
molecular mechanisms regulating pathways for endothelial 
entry, intracellular traffic, degradation or recycling and 
transcytosis of diverse materials, including therapeutic 
agents. Optimal endothelial and transendothelial drug 
delivery promises substantial improvements of effectiveness 
and safety of therapeutic strategies for treatment of 
cardiovascular (e.g., atherosclerosis, hypertension, ischemia- 
reperfiision syndrome), pulmonary (e.g., acute lung injury, 
hyperoxia, pulmonary hypertension), and metabolic diseases 
(e.g., diabetes), inflammation (e.g., sepsis and endotoxemia) 
and tumor growth. One key to effective treatment of these 
distinct pathologies is the ability to control the rates and 
precise destinations of endothelial drug delivery. There is a 
plethora of potential avenues for achieving this challenging 
and exciting goal. 

Optimal selection of endothelial surface determinants and 
design of drug delivery system molecular characteristics 
such as valency of binding to endothelium, charge and size 
will be likely used to control the uptake and fate of drugs. 
Utilization of cross-linkers sensitive to minute changes in pH 
or specific cellular proteases (e.g., lysosomal cathepsin G) 

can be employed for the release of active drugs at selected 
stages of their intracellular traffic. Conjugation of drugs or 
drug vehicles with membrane fusion and chaperone peptides 
will help to achieve yet even more precise sub-cellular 
localization in organelles such as mitochondrion, nucleus or 
peroxysomes. 

In some cases, therapeutic needs might require methods 
to decelerate or avoid endothelial intemalization such as in 
case of delivery of anti-thrombotic and other agents, which 
need to exert their activity in the vascular lumen. Therefore, 
using non-intemalizable determinants (e.g., monomeric anti- 
ICAM-1) or deceleration of natural endocytotic pathways 
(e.g., by using vehicles with diameter exceeding the limit of 
intemalization) could be used for this goal. Transcytotic and 
pericellular transport mechanisms could be employed in the 
cases when a dmg should be delivered beyond the EC. 

In summary, binding, entry and traffic of dmgs into and 
through EC represent central paradigms of many dmg 
delivery strategies serving diverse therapeutic goals. Future 
progress in understanding the control of these processes will 
provide more effective and safe therapeutic means. 
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ABBREVIATIONS 

ACE =     Angiotensin-Converting Enzyme 

Ang I =    Angiotensin 1 

Ang II =    Angiotensin 2 

BBB =    Blood Brain Barrier 

CAM =    Cellular Adhesion Molecule 
EDHF Endothelium-Derived Hyperpol arizing 

Factor 

ER = Endoplasmic Reticulum 

EGF = Epithelial Growth Factor 

EC = Endothelial Cell(s) 

GPI = Glycosyl Phosphatidyl Inositol 

HGF = Human Growth Factor 

ICAM-1 = Intercellular Adhesion Molecule-1 

JAM = Jimction Adhesion Molecule 

LOX-1 = Lectin-like Oxidized LDL receptor-1 

LPL = Lipoprotein Lipase 

LAMP = Lysosomal Associated Membrane Protein 1 

LDL = Low Density Lipoprotein 

LDL-R = Low Density Lipoprotein Receptor 

NO = Nitric Oxide 
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PEG Polyethylene Glycol 

PECAM Platelet EC Adhesion Molecule-1 [19] 

ROS Reactive Oxygen Species [20] 

ROCK Rho-dependent Kinase 

RBC Red Blood Cell 

Transferrin-R = Transferrin Receptor 
[21] 

TM Thrombomodulin [22] 

TGN Trans-Golgi Network 

WO Vesiculo-Vacuolar Organelle [23] 

VEGF Vascular Endothelial Growth Factor 

WBC 
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,  p-0.06).    These data suggest that scavenging peroxynitrite can be 
^beneficial in protecting against lung damage in ARDS. 

161.9 

161.11 

Hyperoxia Potentiates Oxidative Injury In Murine Lungs Induced 
By Glucose Oxidase Targeted To Thrombomodulin 
Melpo Christofidou-Solomidou', Araaud Scherpereel', Alyssa Bohen', 
Evguenia Arguiri', Vladmimir Shuvaev', Stephen Kennel", Vladimir 
Muzykantov'. 'Medicine, University of Pennsylvania, 421 Curie 
Boulevard, Philadelphia, PA 19403-6160, -Medicine, Oak Ridge 
National Labs, Oak Ridge, TN 
Hyperoxia induces oxidative lung injury by mechanisms including 
overproduction of reactive oxygen species (ROS) in mitochondria! 
respiratory chain in lung cells, release of ROS from activated leukocytes 
and modulating activity of pro-oxidant enzymes in the lung that utilize 
O2 as a substrate (NADPH-oxidase, LOX, NOS, XO, etc). To test 
directly whether pulmonary level of O2 modulates generation of ROS in 
endothelium, we injected mice with glucose oxidase (GOX), coupled to 
a thrombomodulin antibody (anti-TM). Immediately after iv injection, 
anti-TM/GOX binds to pulmonary endothelium, generates H2O2 from O2 
and glucose, and causes edematous oxidative lung injury. Mice were 
injected with a low dose (35 ng) anti-TM/GOX and exposed to 
hyperoxia (P02>95%) for 6 h prior to sacrifice. Lung injury was 
characterized by BAL protein, WBC counts, lipid peroxidation by 
malondialdehyde (MDA) levels and Acute Lung Injury Score, ALIS. 
BAL proteins for untreated control. anti-TM/GOX OSugl. saline +O2 
and anti-TM/GOX 4-0, were 0.1, 0.4+0.03, 0.1, and 4.8±2.10 
respectively. BAL WBC (xlO') for the same groups were 44.0±4.9, 
48.2±4.8, 43.015.2, 44.2±1.3 respectively. MDA levels/g lung were 
2.5±0.1, 3.58±0.16, 4.7±0.4 and 7.8±1.1 and ALIS was 1, 2.5, 2.3 and 
8.8 respectively. Therefore"," hyperoxia alone did not cause noticeable 
injuiy, yet markedly augmented edematous injury induced by low doses 
anti-TM/GOX which cannot be explained by WBC influx. These data 
indicate that tissue-level O2 directly modulates the activity an exogenous 
jo-oxidant enzyme bound to endothelium, thus augmenting ROS- 

'ifiediated tissue injury. 

161.10 

Reovirus 1/L and 3/D induce protection against reovirus 1/L 
induced Acute Respiratory Distress Syndrome 
Elsie Hill Long', Elizabeth Majeski', Jimmell Felder", Steve D London', 
Lucille London'. 'Microbiology and Immunology, Medical University 
of South Carolina, 173 Ashley Avenue, BSB 215, Charleston, South 
Carolina 29403, "College of Medicine, Medical University of South 
Carolina, Charleston, SC 
Intranasal inoculation of 10' pfu of reovirus I/L results in acute 
respiratory distress syndrome (ARDS) in CBA/J mice, whereas a similar 
inoculation with reovirus 3/D only results in a mild viral pneumonia. 
Viral reassortant studies have suggested that this difference in pathology 
is correlated to differences in the small 1 (SI) gene product which is the 
hemagglutanin responsible for viral attachment. 
We hypothesize that intranasal priming with low doses of reovirus 1/L 
will induce protection against development of reovirus 1/L induced 
ARDS, while intranasal priming with reovirus 3/D will'not induce such 
protection. Female, 4-5 week old, CBA/J mice were inoculated with 10' 
pfii of reovirus 1/L, reovirus 3/D or saline. Seven days later mice in 
each group were then boosted with lO' pfu of reovirus 1/L or saline. 
Control and experimental mice from each group were sacrificed over a 
21 day time course and lung pathology was evaluated by Hematoxylin 
and Eosin (H/E) staining. 
Preliminary evaluation of H/E stained lungs suggests that low dose 
priming with reovirus 1/L produces protection against reovirus I/L 
induced ARDS, while priming with reovirus 3/D also demonstrated such 
protection. The mechanisms of this viral strain cross-reactive protection 
.are being investigated. 

Attenuation of lung inflammation and fibrosis in reovirus 1/L- 
induced ARDS by tlie caspase inhibitor, ZVAD 
Andrea Del Pilar Lopez, Catherine Kalyn Brown, Steve D London, 
Lucille London. Microbiology and Immunology, Medical University of 
South Carolina, 173 Ashley Avenue BSB Rm 215, Charleston  South 
Carolina 29403 
The Fas/FasL apoptotic pathway and the effect of the caspase inhibitor, 
ZVAD, on the acute inflammatory and later fibrotic phases of reovirus 
I/L-induced   Acute   Respiratory   Distress   Syndrome   (ARDS)   was 
investigated. 
CBA/J mice were i.n. inoculated with lO' pfu reovirus 1/L and sacrificed 
over 21 days.  Daily administration of the caspase inhibitor, ZVAD, (I 
mg/kg i.p.) was begun on day 3-post infection. Lungs were collected'for 
immunohistochemical studies, RT-PCR analysis, collagen content, and 
in situ apoptosis detection. 
Positive staining for Fas and FasL was observed in alveolar epithelium 
on days 9 &  12 post infection. FasL was also expressed on the 
infiltrating   cells.   RT-PCR  confirmed   Fas/FasL   RNA   expression. 
Detection of apoptosis via DNA fragmentation (Tunel) was observed on 
days 3 to 12 after infection with more evident expression at earlier time 
points. Treatment of mice with ZVAD reduced both the reovirus 1/L- 
induced   inflammatory   response   and   lung   fibrosis   as   shown   by 
histopathological examination and by a decrease in lung collagen 
content. 
These results demonstrate the Fas/FasL pathway is expressed in reovirus 
1/L-induced ARDS and may play a role in the pathophysiology of 
ARDS.  In addition, the caspase inhibitor, ZVAD, may be useful in the 
prevention of experimental acute lung injury and fibrosis raising the 
possibility^of a therapeutic approach to human ARDS. 

161.12 

Pathogenetic role of xanthine oxidase in a murine model of acute 
lung injury 
Jon G Mabley, Alex Nivorozhkin, Garry J. Southan, Csaba Szabo, 
Andrew L Salzman. Inotek Pharmaceuticals Corporation, Suite 419E, 
100 Cummings Center, Beverly, MA 01915 
This study evaluated the effects of a novel xanthine oxidase inhibitor, 
AN-01-24, on lung inflammation induced by intratracheal LPS (50pg) in 
vivo. - LPS treatment increased the total leukocyte count (11 xI04±l 
xl04 to 7.6 xl05±8 xl04 cells/ml), MPO activity (19±1 to 
35i±54mU/ml), protein concentration (282±37 to 576±27ng/ml), 
chemokine level (MIP-I 6±2 to 905±142pg/ml; MIP-2 13±8 to 
955±215pg/ml>feand inflammatory cytokine level (TNF I68±85 to 
5840±858pg/n|l)'of the bronchiolar lavage fluid following 24h. AN-01- 
24 dose deplndently (30 or 60mg/kg) significantly reduced the 
leukocyte count (42±6; 37±5), MPO levels (203±49; 84±39), protein 
concentration (431±22; 368±31), MIP-1 (475±78; 442±74), MIP-2 
(504±93; 394±63) and TNF (3685±502; I913±554). In addition LPS 
increased the measurable xanthine oxidase activity in lung tissue from 
undetectable levels to 37±8mU/mg protein, which AN-01-24 (30mg/kg) 
reduced to ll±4mU/mg protein (p<0.01). These data support the 
proposal that inhibition of xanthine oxidase might represent a useftil 
adjunct in the therapy of ARDS. 

161.13 

Tachykininergic mechanisms of Acute Respiratory Distress 
Syndrome following fire smoke inhalation 
Simon S. Wong, Nina N. Sun, Mark L. Witten. Department of 
Pediatrics, University of Arizona, 1501 N. Campbell Avenue, Tucson, 
Arizona 85724 
To characterize the molecular nature of substance P (SP) signaling 
underlying fire ?moke (FS)-induced neurogenic inflammation, we 
initiated dose-/time-effect smdies in a rat model of Acute Respiratory 
Distress Syndrome (ARDS). Fire smoke inhalation dose-dependently 
induced significant increases in bronchoalveolar lavage concentrations 
of SP, increasing approximately 60% from one to 24 hours. However, 
FS did not induce a significant change of P-preprotachykinin (PPT)-I 
gene encoding SP in lung tissues, by real-time quantitative RT-PCR. 
The rats subjected to a low level of FS had an upregulation, whereas 
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Pharniacological Modul^^^^^^^       Intracellular Trafficking and Lysosoma. Degradation Prolongs the Ant^oxidant 
Effect of Catalase Conjugates Delivered into Endothelial Cells via ICAM-1 

SllmMiio. Xiumin Cui, Christine M. Gajewskn Michael Koval. Vladimir R. Muzvkanto^' 
University of Pennsylvania School of Medicine. Philadelphia. PA. 19104 ' 

silviaramail.mFd.upenn.edii 

ABSTRACT SUMMARY: 
Conjugates of the antioxidant enzyme catalase with 

antibodies to the  surface  adhesion  molecule  lCAM-1 
could   provide   a   therapeutic   means   for   pathologies 
associated with oxidative stress. Human umbilical vein 
endothelial   cells   were   incubated   in   the  presence   of 
conjugates  prepared  by  coating  both  anti-ICAM   and 
catalase onto the surface of latex beads, and the results 
were    analyzed    by    fluorescence    microscopy.    The 
conjugates showed rapid intracellular delivery, followed 
by slow trafficking to lysosomes and degradation (2 h -3 
h). The cells were protected from HO^ injury during a 
period  of time  <3  h  after the  internalization  of the 
conjugates.   Pharmacological   agents,   nocodazole   and 
chloroquine,   prolonged   the   stability   of  anti-ICAM-1 
conjugates   by   either   inhibiting   microfululi-dependent 
trafficking    to    lysosomes    or   preventing    lysosomal 
acidification and degradation, respectively. Consequently, 
nocodazole  and   chloroquine   also  prolonged  the   ant'i- 
oxidant effect of anti-lCAM./catalase conjugates. 

INTRODUCTION: 
Monoclonal    antibodies    to    a    surface    adhesion 

molecule      up-regulated      in      altered      endothehum 
Intercellular Adhesion Molecule-] (ICAM-1). may serve 
as affinity carriers for targeting of therapeutic products to 
endothelial cells (EC). We have previously shown that 
anti-ICAM     antibodies     accumulate     in     pulmonaiy 
endothelium both in isolated lungs in perfusion and in 
VIVO (1,2). We also found that iTOnomeric antibodies to 
ICAM-1 bind to, but do not internalize into EC in culture 
(3).   Modification   of anti-ICAM  to   fomi   multimeric 
conjugates of a diameter ranging between 100 nm to 300 
nm (i.e. by coating onto latex beads), leads to an active 
(37T vs. 4°C), rapid (t'/2=5 min) and efficient (85%) 
cellular uptake, indicating the similarity of this process to 
a typical receptor mediated endocytosis. However, using 
pharmacological inhibitors, dominant-negative constructs 
and immuno-colocalization studies we demonstrated that 
anti-ICAM conjugates are internalized in     EC    by   a 
mechanism distinct from caveolae- or clathrin-mediated 
endocytosis.    The    pathway    of   anti-ICAM    uptake 
conjugates   is   similar,   but   not   equal   to   classical 
macropinocytosis   and   phagocytosis   (4).   Briefly,   the 
intemalization of anti-ICAM  conjugates info EC was 
dependent on ICAM-1 clustering (monomeric antibodies 
vs. multimenc conjugates), the size of the conjugates 
(conjugates    >300    nm    in    diameter    were    pooriy 
mtemalized), it was affected by amiloride and required 
the re-organization of the actin cytoskeleton,   dynamin. 

Ca-^" signaling, protein kinase C (but not PI3K or PLC), 
Src kinases, and Rho dependent kinase (4). Additionally' 
the intracellular trafficking of anti-ICAM conjugates was 
unusually slow, where conjugates traffic via early 
endosomes to lysosomes, localizing within these 
compartments 3 h after their intemalization into the cells 
Since our goal is to use anti-ICAM conjugates as carriers 
to deliver therapeutic cargoes into EC, in this work we 
have tested intemalization, trafficking, degradation, and 
anti-oxidant activity of beads coated with both 'anti- 
ICAM-1 and catalase. 

EXPERIMENTAL METHODS: 
Control anti-ICAM conjugates or anti-ICAM/catalase 

conjugates were prepared by coating the corresponding 
IgG and enzyme onto the surface of 100 nm FITC°- 
fluorescent latex beads.  The effective diameter of the 
resulting conjugates was detemiined by dynamic light 
scattering (5). HUVEC were maintained to passage 4 to 5 
in Ml99 medium supplemented with FBS. glutamine 
heparin, ECGS and anfibiotics. The intemalization of the 
conjugates was  tested by incubation with HUVEC at 
37T, either in control medium or medium containing the 
inhibitors amiloride, monodansyl-cadaverine (MDC). or 
filipin. Surface-bound conjugates were visualized by TO- 

staining with a secondary antibody to anti-ICAM leG 
and/or anti-catalase, without cell permeabilization   For 
trafficking studies,  the  cells were incubated followino 
pulse   (4°C-binding)   and   chase   (37^C-interaalization') 
techniques   and   the   intracellular   compartments   were 
detected by immunostaining. Anti-oxidant protection of 
anti-ICAM/catalase conjugates was tested in cells treated 
withSmMHjOzforlSmin. 

RESULTS AND DISCUSSION: 
As in the case of control anti-ICAM conjugates, latex 

beads coated with both anti-ICAM and catalase 
specifically bind to EC and are subsequently internalized 
by an active endocytic process. This intemalization was 
not affected by MDC or filipin, but was sensitive to 
amiloride, mdicating that neither clathrin- nor caveolae- 
mediated endocytosis (6) are responsible for the uptake of 
anti-ICAM/catalase conjugates, but is likely mediated by 
the macropinocytosis-related pathway. 

Internalized anti-ICAM/catalase'conjugates trafficked 
to lysosomal compartments with a unusual slow kinetics, 
I.e. even 2 h after intemalization in HUVEC the conjugate 
co-localized only partially with lysosomal markers, 
whereas 3 h incubation were necessary before the entire 
conjugate population was visualized within lysosomes. 
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Consistent with their localization within these 
compartments, both catalase and anti-ICAM IgG were 
degraded 3 h after their uptake by HUVEC. Therefore, the 
kinetics and mechanisms of endocytosis, intracelliilar 
trafficking and degradation of the anti-ICAM/catalase 
conjugates are equi\a]ent to those pre\-iously obser\ed in 
the case of control anti-lCAM.'bcads (4)' This result 
validates the use of the later as an appropriate general 
model to study the cellular processing of these anfi- 
ICAM-based deli\-ery systems. 

To determine the potential therapeutic activity of the 
anti-ICAM/catalase conjugates, HUVEC were exposed 
for 15 min to 5mM U^Oz at different time points after the 
intemalization of the conjugates. The cells treated with 
catalase-carrying anti-ICAM/beads, but not with control 
conjugates, were protected from H^O, injury. This 
indicates that anti-ICAM-.TDcads deliver active catalase 
intracellularly, confemng anti-oxidant protection. 

However, consistent with the kinetics of lysosomal 
degradation, this protection was lost between 2'h to 3 h 
after intemalization  of the  conjugates.  Therefore,  we 
studied the effect of two compounds that typically affect 
intracellular     trafficking     and/or     degradation,      i.e. 
nocodazole (which disrupts microtubuli) and chloroquine 
(an   alkalinizing  agent).   Both   pharmacological   agents 
prolonged the stability of anti-ICAM-1   conjugates by 
either inhibiting their traffic to lysosomes (nocodazole) or 
preventing   lysosomal   acidification   and   most   likely 
activation       of      lysosomal       degrading       enzyme's 
(chloroquine).     Furthermore, chloroquine or nocodazole 
prolonged the protective effect of anti-ICAM-1/catalase 
conjugates against H:0;, injury at least to 3h and 5h. 
respectively. Therefore, the combined application of anti- 
ICAM-driven  conjugates together with  these  or other 
pharmacological agent of similar action, which can be 
used in animal or human subjects (7,8), could help to 
improve the capabilities of this therapeutic system. 

CONCLUSIONS: 
In general, these results highlight the importance that 

lies beneath the mechanism of cellular uptake and 
subsequent processing of therapeutics delivered into cells, 
which may help to detemiine their suitability for 
therapeutic interventions, and can be pharmacologically 
modified to improve their therapeutic capacity. These 
studies, applied to our system, indicate that catalase can 
be delivered specifically into endothelial cells via a 
surface adhesion molecule up-regulated in altered 
endothelium, ICAM-1. This represents a potentially 
effective    strategy    for   vascular-specific    anti-oxidant 

therapies. Finally, pharmacological modulation of the 
intracellular processing of anti-ICAM conjugates 
prolongs their therapeutic effect, which may suffice the 
time requirements in some pathological settinos. 
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IS/09 
ENDOGENOUS CONTROL OF ACUTE INFLAMMATION - THE 
^OLE OF PROSTAGLANDINS IN MEDIATING INFLAMMATORY 
RESOLUTION 
DW Gilrov 
Department of Experimental Pathology, William Harvey Research Institute, 
St. Bartholomew's & The Royal London School of Medicine & Dentistry, 

.Charterhouse Square, London, ECIM 6BQ, United Kingdom 

Inflammation is increasingly regarded as a series of checkpoints controlling 
the influx and clearance of leukocytes. These checkpoints are managed by 
endogenous mediators that act as go or stop signals, with some mediators 
that drive inflammation also acting as suppressers of the response. We have 
shown that eicosanoids behave in this manner, with onset of an acute 
pleurisy, for instance, being dependent on prostaglandin (PG) E2 and 
resolution reliant on a switch to PGD2. Therefore, in acute inflammation 
there are two waves of PG synthesis, one at onset for pro-inflammatory PGs 
and a second at resolution for pro-resolving PGs. Here, I provide an insight 
into changes within the PG biosynthetic pathway that facilitates eicosanoid 
class switching necessary for resolution. I will also discuss the mechanisms 
by which pro-resolving PGD2 and its metabolites bring about resolution as 
well as reveal new data on the inflammatory response of mice knocked out 
for prostaglandin D2 synthase, the enzyme responsible for PGD2 synthesis. 

IS/10 
INTERLEUKIN-1 AS A THERAPEUTIC TARGET: 
OPPORTUNITIES FOR INFLAMMATORY DISEASE 
MARTIN BRADDOCK, ASSOCIATE DIRECTOR, RESPIRATORY AND 
INFLAMMATION RESEARCH AREA 
M Braddock 

AstraZeneca R&D Charnwood, Bakewell Road, Loughborough, LEI 1 5RH, 
United Kingdom 

Interleukin-I (IL-1) is a pivotal mediator of inflammation and tissue damage 
in multiple organs in both animal models and in man. The pro-inflammatory 
nature of IL-1 may make it an attractive target for therapeutic intervention in 
a number of diseases in man which include rheumatoid and osteoarthritis, 
inflammatory bowel disease and inflammatory diseases of the lung and 
central nervous system. '•  . 
In this presentation, the role of IL-1, the IL-1 pathway and possible 
therapeutic antagonist approaches directed against IL-1 will be discussed, 
together with an appraisal of the efficacy of the IL-1 receptor antagonist, 
Anakinra in rheumatoid arthritis in man. 

Focus Session 1: Targeted Drug Delivery 
IS/11 
TARGETING OF ANTIOXIDANTS TO ADHESION MOLECULES 
M Christofidou-Solomidou', B Kozower^, A Sherpereel', T Sweitzer', 

■ S Muro', R Wiewrodt', V sWaev', A Thomas', M Koval', 
A Patterson^, S Albelda' and VR^Muzykantov' 
'IFEM, U.Pennsylvania Med.Center, 1 John Morgan Building, 3620 Hamilton 
Walk, Philadelphia, PA 19104, US A and ^Washington University Medical Center, 
department of Cardiothoracic Surgery, St.Louis, MO 63110, USA 

Endothelial oxidative stress is common in inflammation, sepsis and acute lung 
injury. Antibodies to endothelal cell adhesion mocelule PECAM-1 can deliver 
therapeutics to either resting or inflammation-engaged endothelium. Enzymatically 
active reporter enzymes and antioxiAant enzyme, catalase, conjugated with anti- 
PECAM, bind to endothelium after intravascular administration. Endothelial cells 
do not intemalize monomeric anti-PECAM, but anti-PECAM/catalase 
immunoconjugates smaller than 0.5 um diameter enter the cells via a pathway 
distinct from clathrin- and caveoli-mediated endocytosis. Anti-PECAM/catalase 
resides in a pre-lysosomal compartment for several hours and protects endothelial 
cells against oxidative stress. Animal studies showed that anti-PECAM/catalase 
accumulates in the pulmonary endothelium, protects against acute pulmonary 
oxidative stress, including rat model of lung transplantation, and improves survival. 
In addition to therapeutic effects of the delivered drugs, blockade of PECAM-1 
may suppress inflanunation. 
Grants: DOD PR 012262, NIH HL7n75 and HL60290 

IS/13 
TARGETING OF DRUGS TO CANCEROUS AND INFLAMED 
TISSUES 
J Kopecek and P Kopeckova 
'Department of Pharmaceutics and Pharmaceutical Chemistry, University of Utah, 
30S 2000E Rm. 301, Salt Lake City, 84112, USA 

The design, synthesis and properties of N-(2-hydroxypropyI(methacryl- 
amide) (HPMA) copolymers as carriers of anticancer and anti-inflammatory 
drugs will be discussed. Macromolecular anticancer therapeutics have the 
potential to overcome drug efflux pumps, induce apoptosis, and inhibit DNA 
repair and biosynthesis when compared to low molecular weight drugs. In 
addition, increasing the intravascular half-life of conjugates results in 
enhanced tumor accumulation with concomitant augmentation of 
thefapeutic efficacy. 
Cell transformation in inflammatory bowel diseases such as ulcerative 
colitis results in altered carbohydrate compositions of glycoproteins. In 
diseased tissue, l^ie Thomsen-Friedenreich (TF) antigen (galactose-b 1,3-N- 
acetylgalactos^ine) is often manifested. In mature, healthy tissue, the 

: antigen is hidden by glycosylation or sialylation. The potential of peanut 
agglutinin (PNA) to distinguish between normal and diseased cells serves as 
a rationale for the design of site-specific HPMA copolymer-drug conjugates 
biorecognizable by inflamed tissue in the GI tract. 

IS/12 
' TARGETING AND VISUALIZING INFLAMMATION 
JR Lindner 
Cardiovascular Division, University of Virginia, Charlottesville,, VA, 22902, USA 

Methods for assessing tissue inflammatory responses non-invasivley vvith 
ultrasound have recently been developed. For this purpose, microbubble 
ultrasound contrast agents have been targeted to either activated leukocytes 
or endothelial cell adhesion molecules. For leukocyte targeting, lipid-shelled 
microbubbles containing phosphatidylserine as a shell constituent have been 
created that bind to activated leukocytes in venules of inflamed tissue via 
opsonization. Imaging of this agent has been used to assess leukocyte 
recruitment following ischemic injury of the kidney and heart. A more direct 
method of targeting has been achieved by conjugating monoclonal 
antibodies or other peptide ligands to the surface of lipid microbubbles. 

-Microbubbles targeted against p-selectin, VCAM-1, and ICAM-1, have been 
>-veloped to assess cardiac, vascular, and renal inflammatory phenotype in 

.jfflodels of ischemia, atherosclerotic disease, and transplant rejection. 
Microbubbles targeted against MAdCAM-1 have also been developed to 
assess inflammatory boweldisease. 

IS/14 
DEVELOPMENT OF POTENT MONOCLONAL ANTIBODY 
AURISTATIN CONJUGATES FOR THE TREATMENT OF 
CANCER 
PD Senter. S. Doronina, D. Meyer, J. Francisco and A. Wahl 
Seattle Genetics, 21823 30th Dr. SE, Bothell, WA, 98021, USA 

We describe the properties of monoclonal antibody-drug conjugates 
consisting of the potent synthetic dolastatin 10 analogues auristatin E (AE) 
and monomefhyl-AE (MMAE), linked to the chimeric mAbs cBR96 (anti- 
Lewis Y on carcinomas) and cAC-10 (anti-CD30 on hematologic 
malignancies). The linkers included an acid-labile hydrazone, and protease- 
sensitive dipeptid^s, leading to uniformly-substituted conjugates that 
efficiently released active dnig in the lysosomes of antigen positive tumor 
cells. The mAb-peptide-MMAE conjugates exhibited greater in vitro 
specificity and lower in vivo toxicity, compared to corresponding hydrazone 
conjugates. mAb-valine-citrulline-MMAE conjugates led to 
immunologically-specific cures and regressions of established anaplastic 
large cell lymphoma (ALCL) and breast carcinoma xenografts at l/30th to 
1/lOth the MTDs, respectively. These"new conjugates illustrate the 
importance of linker technology, drug potency, and conjugation 
methodology in developing safe and efficacious mAb-drug conjugates for 
cancer therapy. 
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ABSTRACTS 
Binding and uptake of anti-ICAM-1 coated nanoparticles by flow adapted endothelial cells 

Erik Berk. Vladimir R. Muz>'-kantov and Silvia Muro 

Institute for Environmental Medicine. Universitv' of Pennsylvania School of Medicine. Philadelphia. PA. 

A major focus in the treatment of diseases is the delivery of drugs, enzymes or DNA to the endothelial cells that 
line blood vessels. This can be done by immunotargeting antigens on the surface of the cells, e.g. ICAM-1. The 
mechanism by which HUVEC bind and internalize anti-ICAM-l conjugates or nanoparticles in static cultures is 
known as CAM-mediated endocytosis, however little is known about the intemalization of these particles by cells 
adapted to flow conditions. Since endothelial cells subjected to flow for a sustained period of time experience 
'substantial changes concerning their morphology, protein expression and actin cjloskeletori,' cell adaptation to 
flow may have an effect on the endocytic uptake of anti-ICAN'I-1 nanoparticles. This study shows that TNFa 
stimulated HUVEC that are exposed for 24 hours to a shear stress of-4 ^■'"".'cm' adapt to flow, as deducted by 
morphological cell alignment following the flow direction and the appearance of actin stress fibers. TTie flow- did 
not have any significant effect on the efficiency of binding of anti-ICAM-1 nanoparticles to HUVEC. The kinetics 
for the uptake of FITC labeled anti-IC/VM-l particles under flow was slower than their uptake under static 
conditions, although maximal intemalization values were similar after 2 h incubation. Furthermore, HUVEC that 
were adapted to flow and then incubated with anti-ICAM-1 nanoparticles in the absence of flow showed similar 
rate of intemalization than non-flow adapted cells. Also, the intemalization of the particles under flow was not 
affected by MDC (inhibitor of clathrin mediated endoc>nosis), but it was markedly inhibited by amiloride, 
consistent with CAM-mediated endocyiosis. Preliminary data suggest that filipin (inhibitor of caveolar uptake) 
may inhibit the intemalization of anti-ICAM-1 nanoparticles under flow, although at a considerably lower extent. 
Altogether, these results seem to indicate that immunotargeting to ICAM-1 may represent an effective mean for 
site-specific and intracellular delivers- of therapeutics to endothelial cells subjected to flow. 

IN PULMON.ARY EPITHELUL CELLS. Y. Cao'. J. W  G Vass'  S ll^rS^ M  p 

Umv. of PA; The Institute for Environmental Medicine. Univ. of Pa PMadeihia pT 
Allergic amvay inflammation induces significant increases in modSofnf ^P fi 
innate immune mediator with potent modulatoiy effectsTn adap^^^^^e i^Sne r«s" 
The mechanisms mvolved in regulation of this lung collectin are unloiS™ The eSs of 
IL-4 and the protem svnthesis inhibitor, cyciohexamide were in^Sed S v^m nn 
mfracellular SP-D m comparison with SP-A expression. Type II dSar eDithelilTr.^k 
were isolated from postnatal rats and cultured u4 dexametSLne and cAMP ttder 
maintam their ability to  generate  surfactant proteins   11-4 ViJ^ Ji^fl!?      / 
stimulatory  effect  on intracellular   SP-D   but T diS  not  affecf SP A   nlT"?"' 
Cyciohexamide significantly inhibited intracellular SPD p^oteifexprSstn ^v^S'^S 
Zlr TAT^ ^f ,f' '^°?'. ^'^^^ P'"^'^ ^^f°^^ h^^-^t ^vhSe SP-A level? did notThance over 24 h cyciohexamide treatment. The inhibitor\' effect on SP D ^v^c Hr>7»T      P^ 
and significant at 0.5 pg/ml but SP-A was notSefevL°if ^SnTof c°So1i?x?^^^^^ 
concentrations. Inhibition of intracellular SP-D was not rescueH hv ti.; i^A- r 
20ng/ml IL.-4 into the cell culture. These indicate thaflL^iSd upieulation 7sP D 
protein expression is not due to a decreased metabolism or prolonged half life of the 
produced  protein.  Our results suggest that intracellular  SP-D product on remiies 

PBF (.AH); Centocor Ir.o. (.AH); MH i= HL6-;520 (NtFB), NIH = HLI9-.-7 (SRBi 
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and in^^^'^:':^::^^^ -^-- the infla.n.ato^ exudate 
with phospholipids (DPPC, POPG, PA)   V^eev^^^^^^^ 
surfactant in a mouse model of hyperox c 1 mo i^ u^ ly ofwh f"^^^^     P'-^P^^i^^ of KL4- 
penneaMHty, ,euR-oc>te (VVBC) rec^Ument to t.IgsTnd^dSh S^nW^^ ^'^^^ ^"^^^^ 
^e placed m SOo^o 0. for 7 days. Intranasal bolus ofTehfcflOOrT     uTl"' ''"'"'• ^'^^ 
(100,1; 20mg/ml) and Sur^^-anta^ (lOOul; 25mg/ml) was given on dar' 6 a^^^^^ KL4-surfactant 
7. Lung injury assessment was by morpholoa; (Acute T nL Tn       c        r'   ""^ "''''^ sacrificed on dav 
WBCs^PMNs^^^^^j^role^^ ^'^'"'' ^"'^^ ^J"^ Score [ALIS]), histopathology, and 

Treatment Group 

_Room Air 
None + 80% O. 

Vehicle + 80% O, 
Survanta® + 80%. O. 

KL4-surfacfant + 80% 

ALIS 

1.6 
5.56=* 
4.56=" 
5.81 = 

Our data shov.- that KL4-surfactant. unlike vehicle or Sun-anfa^ h?  t ."'"^ 
and significantly suppressed lung iniurv in ^^^t'r^ "'' ' ^^'"^''' ""''''''^^^^ ^^^^^ ^nto alveoH, 
Funding: Discovery Labs, Inc., Doylestoivn, PA 

^^^"^^^ 
Alyssa Bohen . Evguenia Arguiri', Vladim. Shuvaev^ St^ht K^^^^^^^ ^-<^ Schexpereel', 

sp^ies ^^^^mll^SSt^iX^S^^ Z^I^'J^-'-^^- «^-tive oxygen 
modulating activit>^ of pro-oxidant InzyZ m l^lXthf^i^of.^V'''' ''''''''"' leukocytes'^Ld 
NOS XO etc). To test directly whether pulmonaiy le^3 of O modnwl ' '"^'''''' (NADPH-oxidase, LOX. 
mjec ed mice with glucose oxidase (GOX) coupl?^ to a thro-K? i S^n^^ation of RGS in endothelium, we 
- injection, anti-TM/GOX binds to pulmona^ fdreli^^^^^^ ^JJ^'-TM). Immediately ^fter 
edematous oxidative lung injury. Mice were [njectedtSTa fZlZ n?' ^T ^' '"^ 2^"^°^^' ^"^ causes 
hyperoxia (PO.>95o/o) for 6 h prior to sacrifice'Lung 1' wa" cZZ-""^ u^'t'"'^'^'' ^"^ ^'^Po-d »o 
lipid peroxidation by malondialdehyde (MDA) level! Ind Acute 1^^!       "^o^^ ^^^ P''^*^^"' ^BC counts, 
untreated controUnti-TNL'GOX(35mg)^aline+o/andanti-^^^ n'°"' ^^^'^ ^^^ proteins fo; 
respectively. BAL WBC (xlO^) for the same groups were J^4^^^^ 
MDA levels/g lung were 2.5±0.1, 3.58±0.16. 4^-^04 and 7 stntnH AT rt ' ^^-'•^' ^^'^-^-^ respectively. 
Therefore, h>peroxia alone did not cause noticeable inhrn. .!? ll^^^ ^'^' ^' 2-^' ^-^ and 8.8 respectively 
low doses anti-TM/GOX which cannot ^ xplain fbv'^^^^^^^^ 
directly modulates the activity an exogenous pro-oxldant en^S,e hn H? /'? '"^'^"^^ ^^^^ tissue-level O. 
mediated tissue injury. ^ '"^^® ^''""^ *° ^"dothelium, thus augmenting ROS- 
Supported by: AHA (MCS) SCOR NTH (VM) 
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ABSTRACTS 

Slow intracellular degradation of ICAM-1 or PECAM-1 targeted catalase nanoparticles protects endothelial cells from 
oxidative stress. 
Silvia Muro, Christine Gajewski. Michael Koval and Vladimir R. Muzy-kantov. Institute for Environmental Medicine. 40 
University of Pennsylvania School of Medicine. Philadelphia. PA. *♦>' 
Novel carrier systems based on nanotechnologies offer the opportunity for the design of more effective^ specific and safe drug 
delivery. InterCellular Adhesion Molecule 1 (ICAM-1) and Platelet Endothelial Cell Adhesion Molecule 1 (PECAM-1) represent 
particularly attractive molecules to target nanocarriers to pathologically altered endothelium, as they are expressed by stressed 
endothelial cells and are functionally involved in vascular oxidative stress, ischemia-reperfusion injury and inflammation. 
Although endothelial cells do not internalize monomeric antibodies to lCAM-1 or PECAM-1, coupling these antibodies to 
nanoparticles creates site-specific, multivalent ligands that enter cells via a novel endocytic pathway (e.g., CAM-mediated 
endoc>-tosis). This feature suggests that anti-CAM nanoparticles may represent a suitable means for intracellular delivery of 
therapeutics. Fluorescence microscopy, radiotracing and immiuioblot data revealed that addition of catalase to anti-ICAM or anti- 
PEC.AM nanoparticles, to provide these with anti-oxidant activity, did not affect the binding efficiency or the mechanism of 
nanoparticle uptake by human umbilical vein endothelial cells (HUVEC). Neither catalase cargo affected.intracellular trafficking 
to' lysosomes and degradation rate of anti-CAM nanoparticles, which was unusually slow (3 h). IntraceJlularly delivered 
nanoparticles were functionally active, since HUVEC were resistant to HjOi-induced oxidative injury for 2 h following ahti- 
C.AM'catalase particle uptake. Moreo\er, the pharmacological agents nocodazole and chloroquine, which are known to inhibit 
lysosomal nrafficking and acidification respectively, increased the duration of the anti-oxidant protection by decreasing the extent 
of anti-CAM/catalase degradation. Therefore, the slow trafficking pathway followed by internalized anti-CAM nanoparticles 
seems well suited for targeted delivery of therapeutic enzymes to endothelial cells and may provide a basis for treatment of 
pathological conditions associated with \ascular oxidative stress. 

DOES SLEEP DEPRIVATION LE.AD TO ER STRESS? Naidoo, N., Mcxkiewicz, M., Giang, W., and Pack. A.I. Division of 
Sleep Medicine and Center for Sleep and Respiraton' Neurobiology, University of Pennsylvania. 

The honieostatic regulation of sleep proposes that with increasing durations of wakefiilness there are progressive 
ph\^iological, biocheinical and or molecular changes in the brain. Understanding these alterations will provide clues as to the 
functions and mechanisms of sleep. We recently performed a large transcript profiling study in mouse brain following different ^f\ 
durations of prolonged wakefiilncss. Of the classes of genes that changed, we found that the heat shock protein or stress eenes   5U 
were among the most responsive to sleep deprivation. Glucose regulated protein (GRP78 also known as BiP) is a heat shock 
family gene whose expression is significantly and progressively elevated in the cortex with increasing durations of sleep 
deprivation. GRP78;'BiP is a chaperone that plays a key role in de novo protein folding (Ellis, 1987), in the refolding of misfolded 
proteins and in the unfolded protein response (UPR) during stress of the endoplasmic reticulum (ER) (Kozutsurni et al, 1988- 
Kohno et al, 1993). The response to ER stress has 2 distinct components: the first is the transcriptional induction of genes that 
encode ER resident proteins such as GRP78/ BiP that prevent polypeptide aggregation and participate in protein folding: the 
second component consists of a profound and rapid repression of protein synthesis. Both responses minimize the accumulation of, 
and aggregation Of, misfolded proteins, the first by increasing the capacity of the machinery for folding and degradation and the 
second by reducing the burden placed on them. Attenuation of protein synthesis in ER stress is caused by phosphorylation of the 
translation initiation factor eIF2a by the kinase PERK. PERK is a transmembrane protein resident in the ER membrane whose 
activity is repressed by GRPTS/BiP (Bertolotti et al, 2000). During the unfolded protein response, GRP78,'BiP dissociates from 
PERK, resulting in phosphorylated, activated PERK, which then phosphorylates eIF2a. Phosphorylation of eIF2a interferes with 
the formation of an active 43S translation-initiation complex resulting in the inhibition of global protein synthesis. 

We have data in mice that suggests that a response similar to that in ER stress occurs, at least in some brain regions 
(cortex), during sleep deprivation. GRP78/'BiP gene expression is progressively induced following 3, 6,9 and 12 hours of sleep 
deprivation. We have also obser\'ed a 30% increase in GRP78/BiP protein expression in mouse cortex following 3 hours of sleep 
deprivation. Further studies determining the temporal expression of GRP78,'BiP and PERK proteins and the PERK 
phosphorylation profile during sleep deprivation are currently in progress. Additionally, we have seen in our microarray studies 
that the expression of key protein sjTOhesis factors and ribosomal proteins is decreased with increasing durations of prior 
i^^akefulness suggesting an attenuation of protein synthesis. Three hours of sleep deprivation resulted in a large (approximately 4 
fold change) - downregulation of elongation factor la and 16 ribosomal protein transcripts in the cerebral cortex. We propose that 
sleep deprivation produces a stress response in brain that is similar to that produced by ER stress and the mechanism of action 
iiivplves the same kev molecules. We suggest that GRP78.'BiP and PERK are those key molecules. 
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