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Figure 6. Renal co-localization of OX7-IL with a mesangial marker. (A through F) Kidney section 2 h after intravenous injection
of FITC-labeled OX7-IL. (G through L) Control section. Inmunolabeling of the mesangium (Thy1.1) by OX7-TxR (A and G), FITC
OX7-IL fluorescence (B), and the mesangium (OX7) by a FITC-labeled goat anti-mouse secondary antibody (H), Hoechst staining
of nuclei (C and I); A and B superimposed (D and E), G and H superimposed (J and K), C and D superimposed (F), and I and |
superimposed (L). Note the intracellular accumulation of OX7-IL (white arrows) and the nuclei of intraglomerular nonmesangial

cells (pink arrows).

tomorphologic changes within the glomeruli (Figures 7, A
through E, and 8B). In contrast, doxorubicin-loaded OX7-IL
damaged all of the glomeruli (Figures 7F and 8B). Glomeruli of
rats that were treated with free doxorubicin, doxorubicin-
loaded liposomes, empty liposomes, or empty immunolipo-
somes demonstrated identical cell content. In contrast, glomer-
uli that were exposed to doxorubicin-loaded OX7-IL showed a

significantly decreased cellularity (Figure 8A). In addition, rats
that were treated with doxorubicin-loaded OX7-IL showed
strong and homogenous glomerular alterations: 56.7 and 33.3%
of glomeruli had a damaged glomerular area between 25<<50%
and 50<<75% (Figure 8B), respectively. Periodic acid-Schiff-
stained kidney sections showed typical alterations of severe
tissue damage (Figure 9). Vacuolization appeared at the outer
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Figure 7. Rat renal mesangial cell damage induced by intrave-
nous administration of doxorubicin-loaded OX7-IL. Light mi-
croscopy of kidney sections, 24 h after injection of PBS (A and
A"), empty liposomes (B and B’), empty OX7-IL (C and C’), free
doxorubicin (D and D’), doxorubicin-loaded liposomes (E and
E’), and doxorubicin-loaded OX7-IL (F and F’). Magnification,
X100 in A through F; X400 in A’ through F’, hematoxylin and
eosin (H&E) staining. Note the glomerular damage (black arrows).

region of glomeruli during an early stage (Figure 9A, red ar-
rows). Thereafter, this vacuolization progressed toward the
inner aspects of the glomeruli (Figure 9, B and C, red arrows).
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Finally, this vacuolization evolved into a complete destruction
of glomerular tissues (Figure 9, C and D, yellow arrows). Dur-
ing all different glomerular destruction stages, nuclei of dying
cells can be observed in the vacuolated areas (Figure 9). No
toxicity was observed in any of the tubular areas or in other
organs (liver, lung, spleen, heart, or brain).

Discussion

A number of conclusions can be drawn from these results.
First, OX7-IL have high affinity and specificity for RMC, both in
vitro (Figure 1) and in vivo (Figure 6). Second, OX7-IL are avidly
internalized by RMC, in vitro (Figure 2) and in vivo (Figure 6).
Third, OX7-IL pass readily from the bloodstream to the mes-
angium via the fenestrated endothelium and strongly target
mesangial cells (Figure 4C) despite very rapid clearance of the
microparticles from the bloodstream (Figure 3A). Fourth, intra-
venously injected OX7-IL targeted the entire mesangial cell
population within all of the glomeruli of both kidneys (Figures
4C and 6). Finally, a specific pharmacologic effect was observed
on the renal glomeruli after systemic administration of a low
dose of doxorubicin-loaded OX7-IL (Figures 7 through 9).

The mean sizes of liposomes and OX7-IL are 130 and 170 nm,
respectively, which is small enough to cross the fenestrated
endothelium of glomeruli but too large to pass through the
extraglomerular tight endothelium and the glomerular base-
ment membrane (10,20). Thus, OX7-IL gain direct access to the
mesangium but are not filtered by the glomerulus and thereby
excreted or available for internalization by tubular cells. No
OX7-IL were detected in extraglomerular regions of the kidney
(Figure 4). OX7-IL had a very high binding specificity for RMC
in vitro (Figure 1), showing sixfold higher affinity than simple
liposomes and no significant affinity for Thy1.1-negative K635
cells.

Although liposomes and OX7-IL both had access to the renal
mesangium, only OX7-IL were observed, exclusively within
glomeruli (Figure 4, B and C). Moreover, OX7-IL had higher
%ID and PSA values than liposomes, further confirming their
specific affinity for the kidney (Figure 3B). When OX7-IL were
co-injected with OX7 F,,, fragments, their pharmacokinetic
behavior (Figure 3B) and intraglomerular fluorescence signal
(Figure 4D) became similar to those of simple liposomes, show-
ing that OX7-IL specifically accumulated in renal glomeruli.

OX7 IgG is highly specific for the mesangium in rat glomeruli
(21). The observed co-localization of FITC-OX7-IL and TxR
OX7 (Figure 6D) showed that mesangial cells were the only
targeted cell type in renal glomeruli and, thus, in the entire
kidney. The perfect match between FITC-OX7-IL and the mes-
angium (Figure 6, A and B) demonstrated the capacity of
OX7-IL to target all mesangial cells in a given glomerulus and,
thus, in the entire body.

Internalization of OX7-IL by mesangial cells, followed by
cytoplasmic drug accumulation, was demonstrated by confocal
microscopy both in vitro (Figure 2E) and in vivo (Figure 6).
Rapid OX7-IL uptake was observed in cell culture, as shown by
the increase in fluorescence (Figure 2A). The mechanisms of
internalization have been described extensively in the litera-
ture. After cell binding, the immunoliposomes can deliver
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Figure 8. Quantification of glomerular damage after intravenous administration of doxorubicin-loaded OX7-IL into healthy rats.
Randomly selected glomeruli (n = 30) of H&E-stained kidney sections were analyzed with Image ] software. (A) Number of cells
per glomerular area were measured 24 h after intravenous injection of: PBS ([J), empty liposomes (), empty OX7-IL (M), free
doxorubicin (&), doxorubicin-loaded liposomes ([, and doxorubicin-loaded OX7-IL (). (B) Evaluation of the percentage of the
damaged area within a given glomerulus. ***P < 0,0001 versus the others; a, b, ¢, d, and e are not significantly different, but f is

significantly different from a, b, ¢, d, and e (2 < 0001).

drugs into the cytoplasm by cell membrane fusion or by lyso-
some membrane fusion after endocytosis (14). The two phe-
nomena both probably are responsible for OX7-IL internaliza-
tion by mesangial cells, but the exact proportion of the
contribution by each mechanism is still unknown (22).

We found that OX7-IL uptake was time dependent and that
RMC rapidly internalized OX7-IL. Almost all OX7-IL had dis-
appeared from the bloodstream after 90 min. Meanwhile, this
short period was sufficient for OX7-IL to bind at RMC surface
and to be accumulated into their cytoplasm. OX7-IL clearance
was markedly reduced when OX7 F,,, fragments were co-
administered in vivo (Figure 3A). Moreover, OX7-IL were less
captured by macrophages in the spleen than liposomes. In the
liver, liposomes were significantly taken up by Kupfer cells,
whereas OX7-IL were almost not observable. These findings
confirm that the fast blood clearance of OX7-IL was not a
consequence of the reticulo-endothelial system uptake but of
the specific binding to the Thyl.1 antigen. In addition, renal
targeting was blocked by co-administration of OX7 F ., frag-
ments (Figure 3B) and also OX7-IL accumulation in mesangial
cells (Figure 4D). These findings demonstrated that OX7-IL
accumulation into RMC cytoplasm is fast and mediated by the
specific targeting.

These results were confirmed by pharmacologic studies. All
glomeruli showed strong acute toxicity within 24 h after a
single low dose (0.25 mg/kg) of doxorubicin encapsulated in
OX7-IL. This confirms a specific accumulation of doxorubicin
within mesangial cells followed by cytoplasmic release, because

this drug must reach the nucleus to exert toxic effect on cells. By
comparison, Yagmurca et al. (23) injected a single dose of free
doxorubicin 80 times higher (20 mg/kg) and observed similar
but milder acute toxicity after 10 d, associated with marked
tubule damage. We observed cell lysis (Figure 9) and severe
vacuolization within glomeruli (Figure 9) well compatible with
mesangiolysis (24), occasionally even evolving into a complete
glomerular destruction (Figure 9, C and D). Indeed, glomerular
structure was strongly damaged: 40% of glomeruli demon-
strated a damaged glomerular area >50% (Figure 8B). Strong
initial mesangial destruction may be responsible for this histo-
morphologic damage, because the mesangium plays a central
role in maintaining glomerular structure. However, podocytes
and endothelial cells also may be affected, possibly through a
bystander effect via doxorubicin liberated by destroyed mesan-
gial cells. We observed no histomorphologic damage to other
organs, including the brain, heart, liver, lung, and spleen,
whereas other authors have reported acute cardiac and hepatic
toxicity with free doxorubicin (25).

The renal mesangium seems particularly amenable to drug
delivery by immunoliposomes, being readily accessible from
the bloodstream via the fenestrated endothelium. In contrast,
other organs, such as the brain, have a very tight endothelium
that microparticles cannot normally cross (10,17). This easy
access allowed us to target homogeneously the mesangium and
deliver molecules to the entire population of mesangial cells of
the organism. This is not possible for other targets, such as solid
tumors (13,15). In addition, mesangial cells have a high natural
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capacity of phagocytosis that, when combined with good ac-
cessibility, facilitate the accumulation of encapsulated drugs
into the cytoplasm.

Sengoelge et al. (26) described a high expression of the Thy1.1
antigen on the human mesangial cell surface, in conjunction
with a multitude of other gene products. Thus, in addition to
the Thyl.1 antigen, other antigens may be evaluated for the
directed targeting of therapeutic agents to mesangial cells to
treat human glomerulonephritis. In this respect, several signif-
icant advances in liposome and immunoliposome technology
have recently been made (12-14). Certain liposome prepara-
tions, such as Doxil (doxorubicin loaded; Ortho Biotech, Bridge-
water, NJ) and Ambisome (amphotercin B loaded; Astellas
Pharma Inc, Japan), have been commercially available for sev-
eral years. Immunoliposomes that are loaded with doxorubicin
have successfully completed Phase I clinical trials (27). The high
specificity of OX7-IL for mesangial cells suggests that a strong
local pharmacologic effect could be achieved in the renal glo-
meruli, apparently without noteworthy systemic adverse ef-
fects.

The efficacy of this approach could be tested in the rat model
of Thyl.1 nephritis (28,29). A humanized anti-Thy1.1 antibody
will be necessary before commencing clinical trials.

Microparticles have been used to deliver a wide range of
molecules (10,11), mainly in the context of drug delivery (14,30)
and diagnostic purposes (31,32). In particular, cationic immu-
noliposomes have been used successfully for in vivo delivery of
plasmids (33) and RNAi agents (11). Another potential use of
OX7-IL is to investigate mesangial cell involvement in the
pathophysiology of glomerulonephritis. Recent studies by our
group and others have shown a role of vascular endothelial
cell-derived growth factor (34), plasminogen activator inhibi-
tor type 1 (35), thrombin (36), and matrix metalloproteinases
(28,29).

Other systems that are used to target drugs and genes to the
kidney (37), even to the glomeruli, include virosomes (38) and
immunovirosomes (39) that contain sendai virus hemaggluti-
nin. However, these microparticles are not specific for mesan-
gial cells (38,39).

After systemic injection, OX7-IL were found exclusively
within renal mesangial cells. Only glomeruli were damaged
when OX7-IL were loaded with doxorubicin; the proximal and
distal tubules, interstitium, and collecting ducts remained un-
affected. Virosomes must be injected directly into the renal
artery and are commonly used for immunization strategies

Figure 9. Histomorphologic analysis of glomerular damage after
intravenous administration of doxorubicin-loaded OX7-IL into
healthy rats. Light microscopy of kidney sections 24 h after
intravenous injection. (A) Glomerulus with a small damaged
area (<25% of total glomerular area). (B and C) Glomeruli with
a moderately damaged area (25<<<50% of total glomerular
area). (D) Glomerulus with a highly damaged area (>50% of
total glomerular area). Magnification, X1000, periodic acid-
Schiff staining. Note nuclei of dying cells (black arrows), vac-
uolization (red arrows), and complete glomerular destruction
(yellow arrows).
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because they are highly immunogenic (13,40), creating a major
obstacle to repeated use (rapid clearance, risk for anaphylaxis).
In contrast, immunoliposomes showed no major toxicity after
repeated injections to rats (41) or during Phase I clinical trials
(27).

Thus, OX7-IL can be used as a unique functional genomic
tool to clarify physiologic and pathologic processes in the kid-
ney. Immunoliposomes also represent a very effective drug
delivery system for a more specific treatment of mesangial
cell-mediated forms of glomerulopathies. In the future, we can
imagine that such an approach may attenuate the growing
number of patients who are developing ESRD.
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