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Size-dependent intracellular immunotargeting of therapeutic cargoes
into endothelial cells
Rainer Wiewrodt, Anu P. Thomas, Luca Cipelletti, Melpo Christofidou-Solomidou, David A. Weitz, Sheldon I. Feinstein,
David Schaffer, Steven M. Albelda, Michael Koval, and Vladimir R. Muzykantov

Cell-selective intracellular targeting is a
key element of more specific and safe
enzyme, toxin, and gene therapies. Endothelium poorly internalizes certain candidate carriers for vascular immunotargeting,
such as antibodies to platelet endothelial
cell adhesion molecule 1 (PECAM–1). Conjugation of poorly internalizable antibodies
with streptavidin (SA) facilitates the intracellular uptake. Although both small and large
(100-nm versus 1000-nm diameter) antiPECAM/SA–beta galactosidase (SA–␤-gal)
conjugates bound selectively to PECAMexpressing cells, only small conjugates
showed intracellular accumulation of active
␤-gal. To study whether size of the conju-

gates controls the uptake, a series of antiPECAM/SA and anti-PECAM/bead conjugates ranging from 80 nm to 5 m in
diameter were produced. Human umbilical vein endothelial cells and PECAMtransfected mesothelioma cells internalized 80- to 350-nm anti-PECAM conjugates,
but not conjugates larger than 500 nm. Further, size controls intracellular targeting of
active therapeutic cargoes in vitro and in
vivo. Small anti-PECAM/DNA conjugates
transfected target cells in culture 5-fold more
effectively than their large counterpart (350versus 4200-nm diameter). To evaluate the
practical significance of the size-controlled
subcellular addressing, we coupled glucose

oxidase (GOX) to anti-PECAM and antithrombomodulin. Both types of conjugates had
equally high pulmonary uptake after intravenous injection in mice, yet only small (200to 250-nm), not large (600- to 700-nm), GOX
conjugates caused profound oxidative vascular injury in the lungs, presumably owing
to intracellular generation of H2O2. Thus,
engineering of affinity carriers of specific
size permits intracellular delivery of active
cargoes to endothelium in vitro and in vivo,
a paradigm useful for the targeting of drugs,
genes, and toxins. (Blood. 2002;99:912-922)
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Introduction
Targeted intracellular drug delivery needed for more effective and
safe therapies requires both cell-specific recognition and subsequent internalization. Many internalizable determinants (eg,
transferrin receptor) do not enable cell-specific recognition.1-3
Immunotargeting permits more specific targeting,4-7 but many
antibodies (even some antibodies against internalizable antigens,
eg, thrombomodulin [TM]) are poorly internalized.8-10 Antibody
polymerization, coupling with internalizable entities (eg, transferrin or urokinase), and other strategies have been explored to
facilitate internalization.11-13
Constraints for intracellular delivery depend on cell type and
the nature of a target antigen. Among other cells, vascular
endothelium is an important target. Stably and highly expressed
endothelial antigens, such as platelet endothelial cell adhesion
molecule 1 (PECAM–1) or CD31 (a glycoprotein involved in
transmigration of leukocytes)14-18 and TM (CD 141, a glycoprotein
controlling enzymatic activities of thrombin),19 may be used as
target determinants, since their blood levels are several orders of

magnitude lower than in endothelial cells.20-22 In addition to the
targeting function, anti-PECAM may suppress inflammation.23-25
Recent studies showed that monoclonal antibodies directed against
these determinants (ie, anti-PECAM and anti-TM) could be used
for immunotargeting to endothelial cells in vitro and in vivo.26-29
Although endothelial cells poorly internalize anti-PECAM,
anti-PECAM conjugated with streptavidin (SA) is readily internalized.28 Both anti-PECAM/SA and anti-TM/SA serve as a carrier to
deliver active enzymes and genes to pulmonary endothelial cells in
intact animals.26-32 However, the carrier properties optimal for
intracellular targeting to endothelium have not been established.
Conceivably, carrier size is an important parameter for the
intracellular uptake, yet this issue has not been systematically
addressed in the literature. Available data show that optimal
particle size threshold for intracellular uptake varies in different
cell types.7,12,33-36 Although macrophages internalize large complexes of 1 m in diameter or larger,37-39 little is known about how
the size of complexes affects their uptake by other cell types. There
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are no studies on effects of size on endothelial internalization via
constitutive surface adhesion molecules.
The goal of the present study was (1) to determine whether size
controls uptake of anti-PECAM conjugates and to define the
maximum size threshold for the uptake by endothelial cells and (2)
to evaluate whether the size of immunoconjugates directed against
endothelial antigens controls their targeting and effect in vivo. We
generated diverse anti-PECAM conjugates ranging from 80- to
5000-nm diameter and found that the conjugates smaller than 350
nm were preferentially internalized by human umbilical vein
endothelial cells (HUVECs) and model cells expressing recombinant PECAMs, thus permitting intracellular targeting of active
cargoes. We also synthesized small (200- to 250-nm) and large
(600- to 700-nm) conjugates of glucose oxidase (GOX) (producing
H2O2 from glucose) with rat antibodies to murine PECAMs and
TM. After intravenous (IV) injection in mice, both small and large
anti-TM/125iodine (125I)–GOX and anti-PECAM/125I-GOX accumulated in the lungs to a similar extent, yet only small, not large,
conjugates caused a profound oxidative injury in the pulmonary
vasculature. Thus, size-controlled engineering of affinity carriers
allows intracellular immunotargeting of cargoes to endothelial cells
via poorly internalizable surface molecules in vitro and in vivo.
This important paradigm may be used for the optimal design of
cell-selective targeting of therapeutic cargoes, ie, drugs, genes, and
immunotoxins.

Materials and methods
Materials
The following antibodies were used: mouse monoclonal antibody (mAb)
anti-PECAM mAb 62 (provided by M. Nakada, Centocor, Malvern, PA)40;
monoclonal antibody against human TM, mAb CTM 1045 (provided by C.
Esmon, Oklahoma Medical Research Foundation, Oklahoma City, OK)8;
rat monoclonal antibody against murine PECAM, mAb 39028; rat monoclonal antibody against murine TM, mAb 273-34 (provided by S. Kennel, Oak
Ridge National Laboratories, TN)26,27; control murine immunoglobulin G
(Ig G; Calbiochem, San Diego, CA); and fluorescent goat antimouse
antibodies (Jackson ImmunoResearch, West Grove, PA). Unless otherwise
specified, reagents were purchased from Sigma (St Louis, MO). The
following cell lines were cultured as described previously8,28: HUVECs
(Clonetics, San Diego, CA); EAhy926 (an immortalized PECAMexpressing transformed cell line provided by C. Edgel, University of North
Carolina, Chapel Hill); human mesothelioma (REN) cells transfected with
complementary DNA (cDNA) encoding human PECAMs (REN/PECAM
cells); and control REN, which do not express PECAM.28,41,42
Antibody conjugates: preparation and size determination
Antibodies and IgG were biotinylated with NHS-LC-biotin (Pierce, Rockford, IL) and conjugated with SA (90% unlabeled, 10% rhodamine labeled)
as previously described.4 Under these conditions, we estimate that conjugates larger than 80 nm will include at least one rhodamine SA on average.
Biotinylated antibodies were labeled with 125I by means of Iodogen
(Pierce). Fluorescent latex beads (Fluoresbrite plain YG microspheres)
(Polysciences, Warrington, PA) were coated with antibodies as previously
described.43 The conjugates and antibody/bead preparations were analyzed
by dynamic light scattering (DLS) by means of either an ALV-5000/E
Multiple Tau-Digital correlator and goniometer (ALV, Langen, Germany)
or a BI-90Plus particle-size analyzer with BI-9000AT Digital autocorrelator
(Brookhaven Instruments, NY) at a 90° angle. The effective diameter was
calculated by means of the Stokes-Einstein relationship from the diffusion
coefficient, obtained from a second-order cumulant fit to the data44;
multiple runs were performed (mean ⫾ SEM).
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Binding and internalization of anti-PECAM/SA and
anti-PECAM/bead conjugates
To trace the uptake of antiendothelial carriers, HUVECs, EAhy926
cells, or REN/PECAM cells were incubated with 125I-labeled biotinylated anti-PECAM or anti-TM mAbs, or with their SA-conjugated
counterparts, for 90 minutes at 37°C. After washing off nonbound
materials, the surface-associated radioactivity was eluted by glycine
buffer (pH 2.5), while the intracellular radioactivity was determined in
cell lysates as described previously.8,28
To visualize the uptake of the rhodamine-labeled conjugates, cells
plated on glass coverslips were incubated with the conjugates (10 g/mL in
serum-free culture medium 199 for HUVECs; RPMI for REN and
REN/PECAM cells). The cells were washed 5 times and fixed for 10
minutes at room temperature (RT) with 2% paraformaldehyde in phosphatebuffered saline (PBS). The nonpermeabilized cells were then counterstained by fluorescein isothiocyanate (FITC)–conjugated goat antimouse
IgG. After washing, the cells were mounted onto glass slides with Mowiol
4-88 (Calbiochem) and imaged by fluorescence microscopy. Incubation of
cells with antibody/bead complexes was comparable to the procedures
described above, except that Texas Red–conjugated goat antimouse IgG
was used for counterstaining, since the beads were FITC-labeled.
Image analysis
Fluorescence microscopy was performed with an Olympus IX-70 inverted
fluorescence microscope with the use of filters optimized for FITC
(excitation BP, 460 to 490 nm; dichroic DM, 505 nm; emission BA, 515 to
550 nm) and for Texas Red (excitation BP, 530 to 550 nm; dichroic DM,
570 nm; emission BA, 590 to 800 nm) (Chroma Technology, Brattleboro,
VT). Images were captured with a Hamamatsu Orca-1 CCD camera and
Image Pro 3.0 software (Media Cybernetics, Silver Spring, MD). FITC and
Texas Red images were separately obtained by means of gain and exposure
times that were optimized to produce 8-bit images with average background
intensity values of approximately 20 bits per pixel and average maximum
intensity values of approximately 250 bits per pixel (below saturation).
Once the settings were established, they were used for all images obtained
for a given sample. Using single-labeled preparations, we found that the
level of bleed-through was at or below background levels. Single-labeled
conjugates and beads were taken to be internalized, while double-labeled
conjugates and particles were extracellular.
For anti-PECAM/SA, the Texas Red image (T) contained all of the
conjugates in the field, while the FITC image (F) showed only extracellular
conjugates. For particle quantitation, double-labeled particles were identified by generating a new image as the logical operation T and F, which was
then scored automatically with the constraint that only regions with 4 or
more continuous pixels and with an intensity threshold of 128 were counted
as extracellular particles. The Texas Red image was then scored in a
compatible manner to give the total number of particles in the field; then the
fraction of extracellular conjugates for the field was calculated. For
antibody/bead complexes, the analysis was comparable, except that the
FITC image contained all of the beads and the Texas Red channel showed
only extracellular complexes. In some experiments, we calculated the total
number of antibody/bead complexes per cell by a similar methodology.
Calculations were based on at least 5 fields per experimental treatment and
expressed as the mean ⫾ SEM of determinations from multiple experiments.
Statistical significance was determined by means of the Student t test.
Preparation and characterization of
anti-PECAM/SA–␤-galactosidase conjugates
The molar ratios of SA–␤-galactosidase (SA–␤-gal) to biotinylated proteins
varied from 0.25 to 1.5 to obtain conjugates with different sizes. The mean
diameter of the small anti-PECAM/SA–␤-gal was 121 ⫾ 12 nm, while that
of the large conjugate was 1183 ⫾ 199 nm (according to 90° DLS). Both
conjugates showed full enzymatic activity. REN/PECAM cells were
incubated with anti-PECAM/SA–␤-gal (10 g SA–␤-gal per well, 24-well
plate) for 1 hour at 37°C. After washing of the nonbound conjugates, ␤-gal
enzyme activity in the conjugate preparations and cell lysates was
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determined by means of a ␤-gal enzyme assay kit (Promega, Madison, WI).
The ␤-gal assay activity was normalized according to protein content (BCA
Protein Assay Kit) (Pierce). Cells in the parallel wells were stained with
X-gal (GibcoBRL, Grand Island, NY).
Studies of radiolabeled anti-PECAM/avidin/DNA complexes
Plasmid DNA from pEGFP-C1 (Clontech, Palo Alto, CA) was digested
with Eco RI, then dephosphorylated by means of shrimp alkaline phosphatase (Amersham Pharmacia Biotech, Piscataway, NJ) and labeled with
␥-32P–deoxyadenosine triphosphate (3000 Ci/mmol [1.1 ⫻ 1014 Bq]) by
means of polynucleotide kinase (New England Biolabs, Beverly MA).
Unreacted nucleotides were removed by gel filtration, and the labeled
plasmid DNA was religated by means of T4 DNA ligase (New England
Biolabs). The stability of the label was tested in the religated plasmid by
subjecting it to digestion with shrimp alkaline phosphatase. The labeled,
ligated plasmid was complexed with avidin by incubation for 1 hour at 4°C.
To test the antigen-binding properties of anti-PECAM/avidin/DNA complex, plastic wells were coated with purified PECAM-1 and blocked with
albumin as described previously.28 The complexes were incubated in the
wells for 1 hour at RT, and after elimination washing, the radioactivity in
the wells was determined in a beta counter. Anti-PECAM/avidin/DNA
complex was also incubated with HUVECs, REN/PECAMs, or control
REN cells for 90 minutes at 37°C, and after washing, the cells were lysed
and radioactivity in the wells was determined in a beta counter.

GOX, anti-PECAM/GOX, or their nonimmune counterpart, IgG/GOX.
When the molar ratios between SA/b-GOX and biotinylated antibodies
were varied, sizes ranged from 100- to 2000-nm diameter, determined by
DLS. Enzymatic activity of b-GOX conjugated with carriers did not differ
from that of the initial preparation of b-GOX (approximately 100 U/mg).
We characterized the pulmonary targeting of radiolabeled anti-TM/125IGOX, anti-PECAM/125I-GOX, or IgG/125I-GOX GOX in intact BALBc
mice (Charles River Laboratories, NJ) using our established protocol.29,31
The radioactivity of the dissected internal organs was determined in a
gamma counter (Wallac-LKB, Gaithersburg, MD) to calculate the percentage of injected dose per gram of tissue.
To study the effects of GOX immunotargeting, anesthetized mice were
killed 4 hours after injection with 50 g anti-TM/GOX or anti-PECAM/
GOX conjugates in saline via tail vein. Our previous study documented that
injection of 100 g IgG/GOX did not cause lung injury.29,31 Lungs were
inspected en bloc to estimate gross injury index by means of the acute lung
injury score (ALIS), ranging from 1 (basal level) to 10 (severe hemorrhage
and edema), and wet-to-dry ratios were performed as described.29,31 The
lungs allocated for histological studies were processed for conventional
paraffin histology. Sections were stained with hematoxylin/eosin and were
immunostained for products of lipid peroxidation with a rabbit polyclonal
antibody against the isoprostane iPF2␣-III.29,31

Results

Rhodamine-labeled anti-PECAM/polylysine-SA/cDNA
complex studies

Internalization of PECAM- and TM-directed SA conjugates

To test functional activity of the conjugated DNA, we used a plasmid
encoding green fluorescent protein (GFP; pEGFP-C1) (Clontech) and a
rhodamine-labeled GFP (rhod-GFP) (Gene Therapy Systems, San Diego,
CA). The DNA polyplex consists of molecules of biotinylated anti–
PECAM-1 or biotinylated IgG coupled to the plasmid via SA bridges.
Poly-L-lysine (181 lysine residues) and SA were chemically cross-linked
with N-succinimidyl 3-[2-pyridyldithio]proprionate as previously described.35 Per 1 g DNA, 1.5 g SA-polylysine (electroneutral with DNA)
was incubated on ice for 10 minutes, and then 6 g antibody was added.
Polyplex synthesis in 1 M NaCl/20 mM Hepes buffer and 0.1 M NaCl/2
mM Hepes provided smaller (diameter, 350 ⫾ 28 nm) and larger (diameter,
4200 ⫾ 248 nm) polyplexes, respectively. Transfections were performed in
REN and REN/PECAM cells in 96-well plates (0.1 g DNA per well) in
physiologic conditions (serum containing medium without chloroquine). As
a positive control, nonviral gene transfer was performed with liposomes
(Lipofectin, GibcoBRL) with an effective diameter of 230 ⫾ 11 nm.
Transgene expression was assessed by means of fluorescent microscopy
(number of GFP⫹ cells per well) and FACS analysis.
Preparation and administration of GOX conjugates in mice
We produced the trimolecular conjugates b–anti-PECAM/SA/b-GOX (antiPECAM/GOX); b–anti-TM/SA/b-GOX (anti-TM/GOX); and b-IgG/SA/bGOX (IgG/GOX) using a 2-step procedure as described.29,31,45 After SA and
b-GOX were mixed and incubated for 1 hour on ice, the complex was then
incubated with b–anti-TM, b–anti-PECAM, or b-IgG to form anti-TM/

Glycine elution assay showed that HUVECs, EAhy926, and REN/
PECAM cells poorly internalized 125I-labeled anti-PECAM mAbs,
but SA caused 60% to 90% internalization of biotinylated antiPECAM mAb 4G6 and mAb 62 (Table 1). SA also facilitated
internalization of a poorly internalizable TM monoclonal antibody,
mAb CTM 1045, in HUVECs from 20% to 60% (Table 1).
Differential uptake of small and large anti-PECAM/enzyme
conjugates by the target cells

We synthesized small (120 nm) and large (greater than 1000 nm)
anti-PECAM/SA–␤-gal conjugates to examine whether the size
controls the intracellular uptake of reporter enzyme conjugates.
Both large and small ␤-gal conjugates bound to the REN/PECAM,
but not to REN cells. The total ␤-gal enzymatic activity recovered
in the REN/PECAM cells after 1-hour incubation at 37°C with
either large or small conjugates was equivalent (Figure 1A). Our
recent study using ␤-gal immunostaining and confocal microscopy
documented that 100- to 200-nm conjugates accumumulate intracellularly in endothelial cells in cell culture and in vivo.29,31 Small
anti-PECAM/SA–␤-gal showed a homogenous, intracellular pattern of ␤-gal activity (Figure 1C). In contrast, the enzymatic
activity of large anti-PECAM/SA–␤-gal was localized in numerous
particles, presumably on the cell surface (Figure 1D).

Table 1. Effect of streptavidin on internalization of platelet endothelial cell adhesion molecules and thrombomodulin antibodies in cell cultures
Cell culture type
Antibody
Antigen

Eahy926
4G6

REN/PECAMs
62

HUVECs

HUVECs

HUVECs

62

4G6

CTM 1045

PECAM

PECAM

PECAM

PECAM

TM

No streptavidin

19.2 ⫾ 1.6

22.3 ⫾ 0.5

16.6 ⫾ 6.4

17.9 ⫾ 0.7

20.5 ⫾ 8.3

Plus streptavidin

53.1 ⫾ 1.1

87.9 ⫾ 1.4

79.4 ⫾ 4.2

86.5 ⫾ 1.3

65.3 ⫾ 9.1

EAhy926an is an immortalized platelet endothelial cell adhesion molecule–expressing transformed cell line; REN/PECAMs are human mesothelioma cells transfected with
complementary DNA encoding human platelet endothelial cell adhesion molecules; CTM is a monoclonal antibody against human thrombomodulin.
HUVECs indicate human umbilical vein endothelial cells; PECAMs, platelet endothelial cell adhesion molecules; TM indicates thrombomodulin.
The cells were incubated with 125I-labeled biotinylated antibodies (“no streptavidin”) or with the streptavidin-conjugated counterparts (“plus streptavidin”) for 90 minutes at
37°C. After washing, fractions of cell-surface associated and internalized iodine-125 were determined in glycin eluates and cell lysates. The data are shown as percentage of
internalization, mean ⫾ SD; n ⫽ 3.
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Figure 1. Immunotargeting of small (100 nm) and large (1000 nm) anti-PECAM/
SA–␤-gal conjugates to REN/PECAM cells. Small and large anti-PECAM/SA
(121 ⫾ 12 nm versus 1183 ⫾ 199 nm) and IgG/SA–␤-gal (109 ⫾ 12 nm) were
incubated with REN/PECAM cells. The ␤-gal enzyme activity in the conjugate
preparations and cell lysates was determined by means of a ␤-gal enzyme assay kit.
Cells were incubated in reporter lysis buffer, then harvested by scraping, and
centrifuged. Enzymatic ␤-gal activity was measured in the supernatants at various
dilutions. In the other parallel wells, for X-gal staining, cells were fixed with
paraformaldehyde, washed with magnesium chloride, and stained in the dark with a
solution containing 1 mg/mL X-gal. Both large and small conjugates delivered
equivalent total ␤-gal enzymatic activity to REN/PECAM cells (A), while control cells
incubated with nonimmune counterpart showed no detectable activity (B). Small
anti-PECAM/SA–␤-gal provided a homogenous intracellular pattern of ␤-gal activity
(C), while large conjugates were associated with a particulate matter apparently
localized on the cell surface (D). Bar, 25 m.

Preferential internalization of small anti-PECAM/SA
conjugates by target cells

The above result implied that size controls the uptake of the
conjugates. To analyze this issue more precisely, we varied the
molar ratio of biotinylated anti-PECAM to rhodamine-labeled SA
from 1:2 to 8:1 to form fluorescent anti-PECAM/SA conjugates of
diverse size (Figure 2A-E). The conjugate formed at 2-fold excess
of b–anti-PECAM was visible by fluorescence microscopy, while
other conjugates were difficult to visualize because of the 100-nm
resolution limit of the fluorescent microscope. DLS analysis
(Figure 2F) confirmed that anti-PECAM/SA prepared at a molar
ratio of 2:1 showed the largest size (diameter, 5130 ⫾ 600 nm;
n ⫽ 5) and revealed that conjugates prepared at a molar ratio of 1:1
and 4:1 had diameters of 221 ⫾ 17 and 174 ⫾ 6 nm (n ⫽ 4).
Conjugate size diminished at further excess of either component;
eg, anti-PECAM/SA prepared at molar ratio of 8:1 had a diameter
of 45 nm.
Regardless of size, anti-PECAM/SA, but not IgG/SA, conjugates bound selectively to HUVECs and REN/PECAM cells. We
compared internalization of “large” (5130-nm diameter, prepared
at a molar ratio 2:1) and “small” (180-nm diameter, prepared at a
molar ratio 2:3) anti-PECAM/SA conjugates by HUVECs. Incubation of either large or small conjugates at 4°C did not allow
internalization; this was consistent with uptake through an energydependent, vesicle-mediated internalization process (not shown).
Incubation of the cells with the conjugates at 37°C resulted in the
appearance of patches on the apical surface, probably owing to
redistribution of the antigen from intercellular borders. Figure 3
shows fluorescent images of HUVECs after incubation with the
rhodamine-labeled anti-PECAM/SA conjugates for 60 minutes at

SIZE-DEPENDENT INTRACELLULAR IMMUNOTARGETING

915

37°C, followed by fixation and staining with FITC-labeled goat
antimouse IgG. Cells were not permeabilized; thus, intracellular
anti-PECAM/SA appears red, while extracellular double-labeled
anti-PECAM/SA appears yellow (typical for large anti-PECAM/
SA; Figure 3F). This is perhaps better visualized in the Figure 3
image maps where panels B and F look similar, suggesting that
most of the particles were double labeled, while panels A and E do
not, suggesting that most of the (small) conjugates in this experiment were not labeled with FITC antibody. Image analysis revealed
that 59.7% ⫾ 4.3% (n ⫽ 3) of small anti-PECAM/SA was internalized by HUVECs versus 19.6% ⫾ 10.2% (n ⫽ 3) of large antiPECAM/SA (Figure 3G). Similar data indicating preferential
internalization of the smaller conjugates were obtained with
REN/PECAM cells (not shown).
The size heterogeneity of the large (mean diameter, 5130 nm)
anti-PECAM/SA preparation is apparent from fluorescent imaging
(Figures 2C, 3F). By a morphometric analysis, we determined
which subpopulation of the particles in large anti-PECAM/SA is
excluded from the internalization. Fewer than 5% of the intracellular anti-PECAM/SA–containing vesicles in HUVECs were larger
than 500 nm. Conversely, more than 75% of the internalized
anti-PECAM/SA particles were localized in intracellular vesicles
smaller than 250 nm, consistent with the preferential uptake of
small anti-PECAM/SA (smaller than 500-nm diameter).
Size threshold for anti-PECAM/bead uptake

We conjugated anti-PECAM to FITC-labeled latex beads ranging
from 60 to 480 nm in diameter. Anti-PECAM/beads are inert, are
more uniform than anti-PECAM/SA conjugates, have a discrete
minimum size threshold (equivalent to the bead diameter), and are
stable, permitting us to exclude conjugate degradation as part of the
size-separation mechanism. DLS revealed that coating with antiPECAM or IgG increased the bead size from the initial diameter
(Table 2). The amount of anti-PECAM associated with beads
ranged from 100 to 7100 molecules per bead as a function of
surface area.

Figure 2. Size of anti-PECAM/SA conjugates. (A-E) Rhodamine-labeled antiPECAM/SA conjugates were prepared at molar ratios of 1:2 (A), 1:1 (B), 2:1 (C), 4:1
(D), and 8:1 (E) of biotinylated anti–PECAM-1 antibody to rhodamine-SA and were
visualized by fluorescence microscopy. Bar, 10 m. (F) The size of representative
anti-PECAM/SA conjugates was determined by DLS and plotted.
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engage more PECAM molecules in the cells. To compensate for
potential differences in net PECAM cross-linking by small and
large anti-PECAM/beads (which may contribute to internalization), we adjusted the number of beads added per cell to attain
equivalent amounts of anti-PECAM added per cell (Table 2).
The surface-bound fraction of anti-PECAM/beads was visualized by yellow staining with Texas Red–labeled goat antimouse
IgG, whereas intracellular FITC-labeled beads not accessible to the
red-antimouse antibody appeared green (Figure 5). Anti-PECAM/
beads smaller than 500-nm diameter were readily internalizable:
within 1 hour, REN/PECAM cells and HUVECs internalized
roughly 50% of cell-associated anti-PECAM/beads ranging from
130 to 310 nm, while 560-nm anti-PECAM/beads showed less than
20% internalization (Figure 5E). Increasing the number of 560-nm
anti-PECAM/beads by 10-fold (with about an approximately
30-fold increase of antibody equivalent compared with 130-nm
anti-PECAM/beads; Table 2) did not increase the internalization
rate (16% ⫾ 4% versus 19% ⫾ 4%, respectively). After 3-hour
incubation, 70% to 80% of 130- to 310-nm anti-PECAM/beads
were internalized, versus 42% ⫾ 4% of 560-nm anti-PECAM/
beads (P ⬍ .01).
Intracellular delivery of anti-PECAM/SA/DNA and
size-dependent transfection of the target cells

Figure 3. Differential uptake of large and small anti-PECAM/SA conjugates by
HUVECs. (A-F) Conjugates were prepared at a molar ratio of anti-PECAM to
rhodamine-SA of 2:3 (effective diameter, 180 nm; panels A,C,E) and 2:1 (effective
diameter, 5130 nm; panels B,D,F). The conjugates were incubated with HUVECs for
1 hour at 37°C, washed, fixed, and counterstained with FITC-conjugated goat
antimouse IgG without permeabilization. The rhodamine channel of fluorescence
(C,D) was subjected to a threshold function to eliminate pixels with intensity values
lower than 128 to generate an image map of conjugates in the field (A,B). The logical
“AND” operation between the conjugate image map (A,B) and the image from the
FITC-labeled goat antimouse IgG channel (C,D) were used to generate a colocalization map of noninternalized (yellow) particles (E,F). The solid arrows highlight a
noninternalized yellow particle, whereas open arrows indicate internalized conjugates (visible only in the red conjugate image map). Bar, 10 m. (G) Internalization of
small (effective diameter, 180 nm) or large (effective diameter, 5130 nm) conjugates
by HUVECs was calculated with the use of the number of noninternalized particles
(eg, panels E,F) and total conjugates (eg, panels A,B) as processed above. HUVECs
showed roughly 3-fold more internalization of small conjugates than of large
conjugates.

Anti-PECAM/beads, but not IgG/beads, bound specifically to
HUVECs and REN/PECAM cells (Figure 4). Larger beads (560
nm) possessed almost 2 orders of magnitude more anti-PECAM
molecules per bead than smaller beads (130 nm) and could thus

To determine whether the size of anti-PECAM carrier affects
delivery of DNA, we first coupled 32P-labeled DNA to b–antiPECAM using a positively charged (isoelectric point, 10.5) avidin
that forms stable DNA/avidin complexes capable binding to b-IgG
(Figure 6A). Since avidin inhibits the transfection capacity of DNA
at ratios higher than 1000 (not shown), we coupled b–anti-PECAM
or b-IgG to avidin/32P-DNA complexes formed at a molar ratio of
800:1. Anti-PECAM/avidin/32P-DNA, bound specifically to PECAM-coated plastic wells (Figure 6B) and to HUVECs and
REN/PECAM cells (Figure 6C), while IgG/avidin/32P-DNA did
not bind to either PECAM-coated wells or PECAM-expressing
cells. Thus, the anti-PECAM carrier permits cell-selective delivery
of DNA.
To visualize the uptake and transfection in cell cultures, we used
a rhodamine-labeled, GFP-encoding cDNA cross-linked to b–antiPECAM by SA-polylysine35 (Figure 7). Rhodamine and GFP
fluorescence colocalized in REN/PECAM cells incubated with
anti-PECAM/SA-polylysine/DNA (350 nm in diameter), yet not all
DNA-labeled cells expressed GFP (Figure 7B). Neither rhodamine
fluorescence nor GFP expression was detected in the wells with
either REN or REN/PECAM cells incubated with IgG/SApolylysine/DNA conjugate (Figure 7C). Both REN and REN/
PECAM cells were equivalently transfected by lipofectin/DNA,
while only REN/PECAM cells were transfected with anti-PECAM/
SA-polylysine/DNA (Figure 7C). Importantly, small (350-nm)
anti-PECAM/SA-polylysine/DNA complexes were approximately
5 times more effective at transfection than the large (4200-nm)
complexes (Figure 7D).
Pulmonary immunotargeting and effects of small versus large
anti-PECAM/GOX and anti-TM/GOX in intact mice

To study whether the size determines the targeting and effect of the
immunoconjugates in vivo, we conjugated the H2O2-generating
enzyme GOX with antibodies against the murine isoform of
PECAM and TM, producing small (200- to 250-nm) and large
(600- to 700-nm) anti-PECAM/GOX and anti-TM/GOX conjugates. The specific enzymatic activity of GOX was equal in
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Table 2. Properties of anti–platelet endothelial cell adhesion molecule/beads
Uncoated bead
size (nm)

Antibody-coated
bead size (nm)

Antibody/bead
(no. molecules)

Beads added
per well (⫻ 109)

Antibody equivalent
per well (⫻ 109)

59 ⫾ 3

128 ⫾ 6

109 ⫾ 8

300

3.3 ⫾ 0.2

100 ⫾ 3

150 ⫾ 8

314 ⫾ 13

100

3.1 ⫾ 0.1

209 ⫾ 10

309 ⫾ 16

1372 ⫾ 93

20

2.7 ⫾ 0.2

477 ⫾ 5

559 ⫾ 23

7148 ⫾ 106

12

8.6 ⫾ 0.1

Specifications for bead size, concentration, and protein-binding capacity are from the manufacturer (Polysciences, Warrington, PA). The IgG-binding capacity of
polystyrene latex beads was calculated as previously described.43 Different amounts of immunobeads were added to the cells in order to attain engagement of a similar number
of platelet endothelial cell adhesion molecules per cell. This parameter is calculated as the immunoglobulin-G equivalent per well.

all conjugates (100 mU/mg). Both small and large anti-PECAM/
125I-GOX and anti-TM/125I-GOX, but not IgG/125I-GOX, accumulated in the murine lungs after intravenous injection. In fact, the
pulmonary uptake of the large anti-TM/GOX conjugate was even
higher than that of the small counterpart (Figure 8A). A similar
result was obtained with large and small anti-PECAM/125I-GOX
conjugates (data not shown). However, injection of 50 g small,
but not large, GOX conjugates caused a profound oxidative
vascular injury in the lungs. Within 4 hours, small anti-TM/GOX

Figure 4. Anti-PECAM/beads bind to PECAM-expressing cells. (A-D) The
150-nm fluorescent beads coated with control IgG (A,B) or anti-PECAM (C,D) were
incubated with REN/PECAM cells (A,C), or HUVECs (B,D) for 1 hour at 37°C, then
washed, fixed, and imaged by fluorescence microscopy. Note the specific association
of anti-PECAM/beads to PECAM-expressing cells (C,D). Bar, 10 m. (E-H) AntiPECAM/beads (light bars) or IgG/beads (dark bars) with effective diameters of 130
nm (E), 150 nm (F), 310 nm (G), or 560 nm (H) were incubated with REN cells,
REN/PECAM cells, or HUVECs for 1 hour at 37°C. The cells were then washed, fixed,
and analyzed by fluorescence microscopy. PECAM-expressing cell lines showed
significantly more binding of anti-PECAM/beads than of IgG/beads (P ⬍ .001). There
was little, if any, bead binding to nontransfected REN cells.

caused acute lung hemorrhages (Figure 8C), pulmonary vascular
congestion, edema and sequestration of white blood cells (Figure
8F), and tissue accumulation of products of lipid peroxidation
revealed by immunostaining for iPF2␣-III, an isoprostane formerly
known as 8-epi or 8-isoPGF2␣ (Figure 8I). In contrast, lungs
harvested after injection of large anti-TM/GOX were hardly
distinguishable from those harvested from animals in control
groups injected with IgG/GOX or PBS (Figure 8B-J). Figure 8K-L
also shows parameters of the lung injury after injection of small
versus large anti-PECAM/GOX conjugates. In terms of both
pulmonary edema determined by lung wet-to-dry ratio and the

Figure 5. Size threshold for internalization of anti-PECAM/beads by REN/
PECAM cells and HUVECs. (A-D) Anti-PECAM/beads with effective diameters of
130 nm (A), 150 nm (B), 310 nm (C), or 560 nm (D) were incubated with REN/PECAM
cells for 1 hour at 37°C, washed, fixed, and counterstained with Texas Red–
conjugated goat antimouse IgG without permeabilization. Thus, surface-bound
beads appear yellow, while internalized beads appear green. Bar, 10 m. (E) The
internalized and surface-bound conjugate fractions of sized anti-PECAM/beads were
determined in triplicate by image analysis. The percentage of internalized 560-nm
beads was significantly lower than for smaller bead preparations (*P ⬍ .05).
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Figure 6. Antigen-binding properties of anti-PECAM/avidin/DNA complex.
(A) Binding of 32P-DNA/avidin complex, formed at various molar ratios, to plastic
wells coated with biotinylated IgG. (B) Binding of anti-PECAM/avidin/32P-DNA
(triangles) and IgG/avidin/32P-DNA (circles) complexes to plastic wells coated with
recombinant PECAM (closed symbols) or albumin (open symbols). (C) Binding of
anti-PECAM/avidin/32P-DNA (hatched bars) and IgG/avidin/32P-DNA (closed bars)
complexes to wells with PECAM-expressing cells (REN/PECAMs and HUVECs) or
control cells (REN). The data are shown as amount of 32P-DNA bound per well,
mean ⫾ SD, n ⫽ 3.
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intracellular targeting of diverse cargoes required formation of
multivalent anti-PECAM conjugates that were subject to a maximum size threshold. The uptake of anti-PECAM/SA and antiPECAM/beads was significantly less efficient for complexes
exceeding 350 nm in diameter. These data corroborate recent
results that, with the use of radioisotope tracing and confocal and
electron microscopy, show that anti-PECAM/SA carriers permit
intracellular delivery of active enzymes to endothelial cells30,45 and
thus establish the optimal size parameters for the intracellular
vascular immunotargeting of the conjugates.
The uptake of anti-PECAM conjugates differs from classical
phagocytosis in macrophages and leukocytes, which internalize
particles greater than a few microns in diameter. The 200- to
300-nm diameter of clathrin-coated pits52 is consistent with the size
threshold for anti-PECAM uptake. However, inhibitors of clathrinmediated endocytosis do not prohibit anti-PECAM–mediated uptake (unpublished observation, May 1999), suggesting a different
mechanism for the conjugates’ internalization. However, inhibition of
the uptake at 4°C excludes energy-independent mechanisms, such as the
one apparently employed by some plasma membrane–permeating
peptides (eg, TAT peptide of human immunodeficiency virus53).
It is also possible that the preferential uptake of particles smaller
than 350 nm may be an intrinsic property of the cell types we
examined (human endothelial and mesothelioma cells). For instance, the uptake of particles larger than 500 nm may require other
specific signal transduction pathways that are present in the
phagocytic cells but not in other cell types.54 Consistent with this
possibility, IgG-coated particles smaller than 1 m internalized by
macrophages are processed in a manner comparable to receptormediated endocytosis of soluble ligands, while larger particles are
internalized by a phagocytic mechanism.43 However, macrophages
also partially internalize aggregated low-density lipoprotein and
hydrophobic latex beads into surface-connected compartments

gross lung injury index ALIS, small anti-PECAM/GOX caused
markedly more severe lung injury than its larger counterpart.

Discussion
Both literature and intuition imply that the size of a carrier is an
important parameter for targeting, internalization, and effects of a
therapeutic cargo in drug and gene delivery strategies. Size affects
cellular uptake and biodistribution of liposomes.46-48 Polymerization and coupling to carriers enhance antibody internalization.12,13,34 Both the charge and size of DNA/carrier complexes
dictate the rate of their intracellular uptake, yet the results vary for
different delivery systems and target cells.35,36,49-51 The present
study, focusing on immunotargeting to the constitutive endothelial
antigens PECAMs and TM, shows that size control is critical for
the design of optimal internalizable drug-delivery vehicles and thus
provides a novel paradigm for intracellular vascular delivery of
therapeutic cargoes.
We used SA-biotin and microbead techniques to produce
conjugates of defined sizes and found that the conversion of poorly
internalizable PECAM antibodies into effective carriers for the

Figure 7. Transfection of REN/PECAM cells by rhodamine-labeled cDNA
encoding GFP coupled with either anti-PECAM/SA-polylysine or IgG/SApolylysine conjugates. (A) Phase-contrast image of REN/PECAM cells incubated
with anti-PECAM/SA-polylysine/DNA polyplexes. The polyplexes’ diameter was 350
nm. (B) Fluorescent image of the same field. The conjugate (arrowheads) bound to
the PECAM-expressing cells and is visible as yellow and orange particles in the
GFP-expressing (green) cells and red particles in cells lacking GFP expression. In
spite of almost complete binding of anti-PECAM/SA-polylysine/DNA polyplexes, not
all DNA-labeled cells expressed GFP (arrows). The polyplexes’ diameter was 350
nm. (C) Transfection effectiveness of REN/PECAMs (dark bars) and control REN
(light bars) cells by DNA/lipofectin (left), IgG/SA-polylysine/DNA (middle), and
anti-PECAM/SA-polylysine/DNA complexes (right). The polyplexes’ diameter was
350 nm. (D) Comparison of the transfection effectiveness of small (left) and large
(right) anti-PECAM/SA-polylysine/DNA polyplexes in REN/PECAM cells.
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Figure 8. Effect of size on pulmonary targeting and effects of
GOX conjugates (anti-PECAM/GOX and anti-TM/GOX) in intact mice. Blood level (black bars) and pulmonary uptake (gray
bars) of small (250-nm, left part) versus large (600-nm, right part)
anti-TM/125I-GOX or IgG/125I-GOX conjugates (2 to 3 g per
mouse) 1 hour after intravenous injection (panel A; accumulation
data of anti-PECAM/125I-GOX in murine lung are not shown).
Pathological changes in the lungs harvested 3 hours after IV
injection of 50 g per mouse of small (C,F,I) or large (D,G,J)
anti-TM/GOX conjugate versus saline injection (B,E,H). Panels B,
C, and D show lung gross pathology; note severe hemorrhagic
lung injury in panel C. Panels E, F, and G show hematoxylin/eosin
staining of lung tissue sections; note edema and vascular injury in
panel F. Panels H, I, and J show immunostaining for the products
of lipid peroxidation; note positive reaction (blue color) in panel I.
Original magnifications, panels E-J, ⫻ 40. Tissue edema determined as lung wet-to-dry ratio (K) and ALIS (L) in the lungs
harvested 3 hours after IV injection of 50 g per mouse of small
(200-nm) or large (700-nm) anti-PECAM/GOX conjugate versus
saline injection (control).

(patocytosis), which are subject to a 500-nm threshold.55 It is
conceivable that patocytosis and PECAM-mediated internalization
may share some common mechanisms.56
There are also precedents for the internalization of large
particles by cells other than professional phagocytes. For instance,
fibroblasts transfected with receptors that mediate phagocytosis,
such as the macrophage mannose receptor57,58 and Fc receptors,59-61
are capable of internalizing 1-m particles, albeit at very low levels
compared with macrophages and neutrophils.62 Also, endothelial
cells are subject to infection by internalized Staphylococcus,63,64
Candida,65 and Listeria,66,67 all of which have a surface area greater than

a 500-nm diameter particle. In these instances, though, a live infectious
agent may play an active role in the internalization process.67,68
Results of recent studies from several groups imply that
PECAM ligation may cause functional alterations in endothelial
cells, although particular effects seem to be antibody-specific.42,69,70 It is conceivable that intracellular targeting of conjugates internalized via PECAM may be influenced by receptor
binding capacity and/or receptor clustering. For instance, monomeric versus polymeric complexes internalized by the Fc receptor
are differentially recycled or targeted to lysosomes, respectively.71,72 IgG complexes of 1 m or larger are more efficiently
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targeted to lysosomes than smaller complexes.43 Oligomerized
transferrin is internalized and retained in the recycling compartment,73 while ␤–very low-density lipoprotein particles are targeted
to either lysosomes or peripheral vesicles as they increase in size.74
We are currently examining the intracellular targeting of antiPECAM conjugates to determine whether particle size or receptor
binding capacity determines the fate of these conjugates after
internalization. This, in turn, should provide useful insights into the
design of drug-delivery vehicles that optimize the lifetime of a
conjugate-delivered enzyme activity or the effectiveness of DNA
transduction.
Our finding that the threshold for effective intracellular delivery
of DNA via PECAM-1 lies below 500 nm apparently contradicts
the results of the recent study by Ross and Hui.33 These authors
studied the role of complex size in lipofectin-mediated intracellular
delivery of DNA to Chinese hamster ovary cells and found that
uptake and transfection increased gradually with increase in
lipoplex size up to 2000 to 2500 nm.33 This indicates that the
mechanisms and size constraints for nontargeted uptake by fibroblasts that use lipoplexes differ from those of antigen-mediated
targeted delivery of DNA to endothelium. For instance, interactions
of lipoplexes, which can permeabilize the plasma membrane, may
contribute to DNA uptake. Furthermore, the cellular events induced
by targeted delivery of adenovirus directed to fibroblast growth
factor receptor differ dramatically from those induced by a
nontargeted virus.75 Therefore, such parameters as cell type and
status, as well as the nature of a target determinant and conjugate,
should be carefully analyzed for every given delivery system.
Taken in the context of the vascular immunotargeting, our data
establish the parameters for optimal intracellular drug delivery to
endothelial cells. The facilitated uptake of 100- to 300-nm immunoconjugates provides a novel, powerful paradigm for intracellular
vascular immunotargeting in vivo. Lung is a privileged vascular
target that contains roughly a third of endothelium in the body and
receives whole cardiac output of venous blood. Thus, antibodies
directed against endothelial surface antigens (eg, anti-PECAM,
anti-TM, and anti–angiotensin-converting enzyme) provide preferential pulmonary targeting, owing primarily to absolute perfusion
and accessibility of pulmonary endothelium.26-28,76 Recently, we
have visualized intracellular uptake of reporter anti-PECAM/SA–␤gal conjugate by HUVECs in the pulmonary endothelium after
injection in intact mice using confocal and electron microscopy,30
but the significance of the conjugate size for the pulmonary
targeting and effects has not been addressed.
In the present paper, we studied this issue, analyzing pulmonary
immunotargeting of the H2O2-producing enzyme GOX in intact
mice. We found previously that GOX conjugated with antiendothelial carriers, including anti-PECAM/SA, binds to and enters
endothelial cells in cultures; generates H2O2 from glucose, thus
killing the target cells45; and accumulates in the lungs after
intravenous injection and causes acute pulmonary oxidative injury.29,31 Importantly, studies in HUVECs revealed that GOX
conjugated with internalizable antibodies causes more severe
cellular injury than GOX associated with the cell surface, since

intracellularly generated H2O2 is more toxic and less susceptible to
extracellular antioxidants.45,77
In good agreement with in vitro findings, the small anti-PECAM/
GOX and anti-TM/GOX conjugates caused markedly more severe
oxidative vascular injury in murine lungs after intravenous injection than their large counterparts, despite similar uptake of the
conjugates in the lungs (Figure 8). Therefore, the size of the GOX
conjugates directed against 2 distinct endothelial antigens is critical
for the local effect of the conjugated enzyme in the target organ in
vivo. The most likely explanation for this result is that small
internalizable GOX conjugates generate H2O2 intracellularly and
thus produce more severe oxidative stress in the pulmonary
endothelium, whereas H2O2 produced extracellularly by the large
poorly internalizable counterparts associated with the vascular
lumen is readily detoxified by blood antioxidants (eg, erythrocyte
catalase and peroxidase). To our knowledge, this is the first direct
demonstration of the role of the immunoconjugates’ size on their
targeting and effect in vivo.
In summary, the present results establish size-dependent endothelial uptake of affinity particles via poorly internalizable antigens. The results of pulmonary targeting of small and large GOX
conjugates indicate that this paradigm operates in vivo and may
therefore be useful for rational design and optimization of the
subcellular addressing of cargoes to the target cells. For example,
large poorly internalizable conjugates can be used to deliver and
retain antithrombotic agents on the endothelium lumen, where they
will be strategically positioned to intervene in coagulation and
fibrinolysis. In contrast, small counterparts, even directed against
the same surface determinants, can be used for delivery of genetic
materials, antioxidant enzymes, and other cargoes requiring the
intracellular addressing.
This study focused primarily on the endothelial cells, an
important vascular target. However, size-dependent uptake of
carriers may be a more general phenomenon. SA facilitates
internalization of diverse monoclonal antibodies (eg, anti-PECAM,
anti-TM) in distinct cell types (Table 1). Internalization of the
conjugates prepared with antibodies to intercellular adhesion
molecule-1 is subject to constraints similar to anti-PECAM conjugates in endothelial, mesothelial, and epithelial cells (unpublished
observations, April 1999). Studies are underway to define the
mechanisms that regulate the internalization of these conjugates
and to determine whether this internalization pathway can be
exploited for optimal intracellular immunotargeting of drugs in
different cell types. Conceivably, size-controlled intracellular immunotargeting of toxic compounds (eg, GOX) to antigens expressed on tumor cells or tumor endothelium may eventually
provide a new type of immunotoxin for tumor eradication.
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