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Macrophage Depletion Inhibits Experimental

Choroidal Neovascularization

Yy

Eiji
Jayakrishna Ambati'

Ogjective. To investigate the role of macrophages in the devel-
opment of laserinduced choroidal neovascularization (CNV)
by selective depletion with liposomal clodronate (Cl,MDP-
Lip.

MerHops. Laser photocoagulation was used to induce CNV in
wild-type C537BL/6J mice. Animals were treated with intrave-
nous (IV) and/or subconjunctival (S§C) CI,MDP-LIP or PBS-LIP at
the following time points: 2 days before, immediately after, 2
days before and immediately after, or 2 days after laser injury.
CNV responses were compared on the basis of en masse
volumetric measurements and fluorescein angiography after
laser photocoagulation. Macrophages were identified by immu-
nostaining for ¥4/80, and vascular endothelial growth factor
(VEGF) expression was quantified by ELISA.

ResuLts. Macrophages invaded the site of laser injury within 1
day of photocoagulation and peaked at 3 days. IV CL,MDP-LIP
significantly decreased the volume of CNV and angiographic
leakage when administered 2 days before and/or immediately
after laser injury, but not when administered 2 days after
injury. SC CLLMDP-LIP significantly decreased lesion volume
when coadministered with IV PBS-LIP but not IV Cl,MDP-LIP.
IV CLLMDP-LIP was significantly more beneficial when admin-
istered 2 days before laser injury than immediately after, but
combining SC CI,MDP-LIP with IV treatment eliminated this
difference. Reduction in CNV volume correlated with VEGF
protein levels and number of infiltrating macrophages.

ConcLusions. Generalized macrophage depletion reduced the
size and leakage of laser-induced CNV and was associated with
decreased macrophage infiltration and VEGF protein. These
findings define the role of the macrophage as a critical com-
ponent in initiating the laser-induced CNV response. (Invest
Opbthalmol Vis Sci. 2003;44:3578-3585) DOIL:10.1167/
10vs.03-0097
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Sakurai,' Akshay Anand,' Balamurali K. Ambati,* Nico van Rooijen,®> and

ge-related macular degeneration (AMD) is the leading

cause of irreversible blindness among the elderly in most
industrialized nations,” yet little is known about the molecular
mechanisms of choroidal neovascularization (CNV), the angio-
genic process responsible for most severe visual loss in pa-
tients with AMD.?

The presence of macrophages in histologic studies of CNV
has elicited interest in their role in the development of neo-
vascular AMD. The spatiotemporal distribution of macrophages
correlates with arborizing CNV in humans® and in animal
models.? In patients with AMD, macrophages are in proximity
to thinned and perforated areas of Bruch’s membrane®® and
participate in digesting the outer collagenous zone of Bruch’s
membrane,® both of which facilitate the subretinal entry of
CNV.

To test directly the hypothesis that macrophages play a
causal rather than coincidental role in the development of
CNV, we used the technique of pharmacological macrophage
depletion with liposomal clodronate (CIL,MDP-LIP) in the laser-
induced model of CNV, which captures many salient patho-
logic and molecular features of neovascular AMD. Although
free CLMDP does not penetrate cell membranes and has a
short circulating half-life, CLMDP-LIP is phagocytosed by mac-
rophages and rapidly induces apoptosis”*® without sectetion of
proinflammatory cytokines by the dying macrophages.” More-
over, ClL,MDP-LIP appears to have a very selective effect on
macrophages and phagocytic dendritic cells. Neutrophils and
lymphocytes are not directly affected by this drug.!®"*?

We sought to assess the differential contribution of macro-
phages in the local (submandibular) lymph nodes versus that of
the circulating, splenic, and hepatic macrophages to the devel-
opment of CNV in this model. We administered CL,MDP-LIP by
intravenous (IV) injection, which leads to near complete de-
pletion of splenic and hepatic macrophages and marginal zone
dendritic cells within 24 hours, persisting for 1 to 2 weeks in
mice,’® and/or subconjunctival (SC) injection, which leads to
the depletion of macrophages from the draining submandibu-
lar lymph nodes.'?

We attempted to differentiate the contribution of circulat-
ing versus resident retinal macrophages to CNV. Cl,MDP-LIP
does not cross the blood-brain barrier (and presumably the
blood-retinal barrier) until it is damaged by an inflammatory
response.'* Therefore, we administered IV CLMDP-LIP before
laser injury and/or after laser injury, because the latter but not
the former would permit the drug access to resident macro-
phages in the retina. We also correlated the macrophage re-
sponse to laser injury with the level of vascular endothelial
growth factor (VEGF), which is operative in the development
of CNV'>?! to deduce a mechanism for the effect of macro-
phage depletion in this process.

MEeTHODS
Animals

All animal experiments were in accordance with the guidelines of the
University of Kentucky IACUC and ARVO Statement for the Use of
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Copyright © Association for Research in Vision and Ophthalmology

— 274 —



IOVS, August 2003, Vol. 44, No. 8

Animals in Ophthalmic and Vision Research. Male wild-type C57BL/6
mice Jackson Laboratories, Bar Harbor, ME) between 6 and 8 weeks of
age were used to minimize variability, because age*? and sex (Tane-
mura M, et al. JOVS 2001;42:ARVO Abstract 530) can influence sus-
ceptibility to CNV. For all procedures, anesthesia was achieved by
intramuscular injection of 50 mg/kg ketamine HCl (Fort Dodge Animal
Health, Fort Dodge, IA) and 10 mg/kg xylazine (Phoenix Scientific, St.
Joseph, MO), and pupils were dilated with topical 1% tropicamide
(Alcon, Fort Worth, TX).

Induction of CNV

Laser photocoagulation (332 nm, 200 mW, 100 ms, 75 m; OcuLight
GL, Iridex, Mountain View, CA) was performed on both eyes of each
animal on day 0 by a single individual masked to drug group assign-
ment. Laser spots were applied in a standardized fashion around the
optic nerve, using a slit lamp delivery system and a coverslip as a
contact lens. The morphologic end point of the laser injury was the
appearance of a cavitation bubble, a sign thought to correlate with the
disruption of Bruch’s membrane.

Liposomes

Clodronate (dichloromethylene diphosphonate; Cl,MDP) was a gift of
Roche Diagnostics GmbH, Mannheim, Germany. Clodronate-liposomes
(C1,MDP-LIP) wete prepared'’ as follows. In shott, 86 mg phosphati-
dylcholine (Lipoid EPC; Lipoid, Ludwigshafen, Germany) and 8 mg
cholesterol (Sigma-Aldrich, St. Louis, MO) were combined with 10 mL
of a clodronate (0.7 M) solution and sonicated gently. The resultant
liposomes were then washed to eliminate free drug. Empty liposomes
were prepared under the same conditions with phosphate-buffered
saline (PBS; Invitrogen/Gibco, Grand Istand, NY) instead of the clo-
dronate solution. Animals received 200 L CI,MDP-LIP or PBS-LIP
through the tail vein with a 30-gauge needle on day 2 (group 1), day
0 (immediately after laser injury; group 2), day -2 and day 0 (group 3),
orday 2 (group 4). At these same time points, animals received 10 L
CL,MDP-LIP in one eye and 10 L PBS-LIP in the other injected into the
subconjunctival space with a syringe (Hamilton, Reno, NV). Injections
were performed in a masked fashion.

Fluorescein Anglography

Fluorescein angiography was performed with a camera and imaging
system (TRC 50 IA camera; ImageNet 2.01 system; Topcon, Paramus,
NJ) at 1 week after laser photocoagulation. The photographs were
captured with a 20-D lens in contact with the fundus camera lens after
intraperitoneal injection of 0.1 mL of 2.5% fluorescein sodium (Akomn,
Decatur, IL). A retina specialist not involved in the laser photocoagu-
lation or angiography evaluated the fluorescein angiograms at a single
sitting in masked fashion.

Volume of CNV

One week after laser injury, eyes were enucleated and fixed with 4%
paraformaldehyde for 30 minutes at 4°C. Eye cups obtained by remov-
ing anterior segments were washed three times in PBS, followed by
dehydration and rehydration through a methanol series. After blocking
twice with buffer (PBS containing 1% bovine serum albumin (BSA;
Sigma-Aldrich) and 0.5% Triton X-100 (Sigma-Aldrich) for 30 minutes at
room temperature, eye cups were incubated overnight at 4°C with
0.5% FITC-isolectin B4 (Vector Laboratories, Burlingame, CA), which
binds to terminal -p-galactose residues on the sutface of endothelial
cells and selectively labels the murine vasculature, diluted with PBS
containing 0.2% BSA and 0.1% Triton X-100. After two washings with
PBS containing 0.1% Triton X-100, the neurosensory retina was gently
detached and severed from the optic nerve. Four relaxing radial inci-
sions were made, and the remaining RPE-choroid-sclera complex was
flatmounted in antifade medium (Immu-Mount Vectashield Mounting
Medium; Vector Laboratories) and coverslipped.

Role of Macrophages in Choroidal Neovascularization 3579

Flatmounts were examined with a scanning laser confocal micro-
scope (T'CS SP; Leica, Heidelberg, Germany). Vessels were visualized
by exciting with blue argon laser wavelength (488 nm) and capturing
emission between 515 to 545 nm. A 40 oilimmersion objective was
used for all imaging studies. Horizontal optical sections (1 m step)
were obtained from the surface of the RPE-choroid-sclera complex.
The deepest focal plane in which the surrounding choroidal vascular
network connecting to the lesion could be identified was judged to be
the floor of the lesion. Any vessel in the laser treated area and super-
ficial to this reference plane was judged as CNV. Images of each section
were digitally stored. The area of CNV-related fluorescence was mea-
sured by computerized image analysis with the microscope software
(TCS SP; Leica). The summation of whole fluorescent area in each
horizontal section was used as an index for the volume of CNV.,
Imaging was performed by an operator masked to treatment group
assignment.

Immunostaining

At various times during the first week after laser injury, animals were
injected with 1 mL FITC-isolectin B4 through the tail vein, and retinal-
RPE-choroid-scleral or RPE-choroid-scleral flatmounts were prepared
30 minutes later. These were stained with antibodies against F4/80 (5

g/mL; Serotec, Oxford, UK), expressed by retinal microglia and all
mouse macrophages save those in lymphoid organs®® or leukocyte
common antigen CD45.2 (5 g/mL; eBioscience, San Diego, CA),
which also identifies retinal microglia.>* Flatmounts were examined by
scanning laser confocal microscopy. An optical density plot of the
selected area was generated by a histogram graphing tool in the
image-analysis software (Photoshop, ver. 6.0; Adobe Systems, Moun-
tain View, CA) to obtain a quantitative index of macrophage numbers,
as described previously.?>?® Image analysis was petformed by an
opetator masked to treatment group assignment.

VEGF ELISA

At 3 days after injury by 12 laser spots, the RPE-choroid complex was
sonicated in lysis buffer (20 mM imidazole HC], 10 mM KCl, 1 mM
MgCl,, 10 mM EGTA, 1% Triton X-100, 10 mM NaF, 1 mM Na molyb-
date, and 1 mM EDTA with protease inhibitor; Sigma-Aldrich) on ice for
15 minutes. VEGF protein levels in the supernatant were determined
by an ELISA kit (threshold of detection 3 pg/mL; R&D Systems, Min-
neapolis, MN) that recognizes all splice variants, at 450 to 570 nm
(Emax; Molecular Devices, Sunnyvale, CA), and normalized to total
protein (Bio-Rad, Hercules, CA). Duplicate measurements were per-
formed in a masked fashion by an operator not involved in photoco-
agulation, imaging, or fluorescein angiography.

Statistics

Volume of CNV. The dependent variable in the analysis was the
average lesion volume per eye per mouse. A linear mixed model for a
split plot design was constructed with two whole plot (between mice)
factors. These are treatments (.e., timing of the treatments relative to
the laser injury) and intravenous (IV) administration (CLMDP-LIP or
PBS-LIP). The split plot (within mice) factor was subcutaneous (SC)
administration (Cl,MDP-LIP or PBS-LIP). Post hoc comparison of means
consisted of either a pair-wise comparison of means or a contrast
among the means constructed with error terms, depending on
whether the contrast was between or within mice, respectively. Be-
cause the variability among mice treated with IV Cl, MDP-LIP differed
substantially from the vatiability among mice treated with IV PBS-LIP, -
the linear mixed model contained different variance components for
these groups. Statistical significance was determined at the 0.05 level.

F4/80 and VEGF. Quantitative immunostaining and VEGF pro-
tein data were analyzed by ANOVA with the Dunnett multiple com-
patison test. Results were considered significant at P 0.05.
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Ficure 1. Cl,MDP-LIP inhibited macrophage recruitment and VEGF protein expression after laser injury. (A) F4/80-positive macrophages

were detected in the RPE-choroid of laser lesions within 1 day after laser injury and peaked in number at day 3. The index was normalized
to peak response. *P 0.01 and 1P 0.001 compared with day 0. (B) IV Cl,MDP-LIP nearly abolished the peak macrophage response at
day 3 in the RPE-choroid of laser lesions. SC Cl,MDP-LIP partially inhibited macrophage recruitment when combined with IV PBS-LIP
treatment but conferred no benefit when added to IV CI,MDP-LIP. *P 0.01 and {FP 0.001 compared with no CI,MDP-LIP (PBS-LIP)
treatment. (C) VEGF protein expression peaked at day 3 (data not shown). IV Cl,MDP-LIP inhibited the VEGF protein expression response
at day 3 in the RPE-choroid of laser lesions. SC CI,MDP-LIP partially inhibited VEGF levels when combined with IV PBS treatment but confered

no benefit when added to IV Cl,MDP-LIP. Data are expressed as the mean

(PBS-LIP) treatment. » 5 per group.

REsuLTS

Macrophages invaded the site of laser injury within 1 day, with
a peak response at 3 days, followed by rapid disappearance by
5 to 7 days (Fig. 1A). IV CLLMDP-LIP administration nearly
abolished macrophage recruitment, whereas SC Cl,MDP-LIP
blunted the macrophage response when administered with IV
PBS-LIP, but did not confer added benefit to IV CL,MDP-LIP
(Fig. 1B). The peak macrophage number paralleled the maxi-
mal amount of VEGF protein detected in the laser lesion at 3
days ¢ 0.988; Fig. 1C) and the volume of CNV at 7 days (+*

0.986).

Confocal planar analysis revealed marked spatial colocaliza-
tion of macrophages and endothelial celis at the site of laser
injury (Fig. 2). In addition, IV Cl,MDP-LIP, and SC CL,MDP-LiP
to a lesser extent, decreased both the peak number of macro-
phages and endothelial cell coverage in parallel. We also ob-
served that, whereas macrophages were found in areas without
endothelial cells, the converse was rarely the case, supporting
the notion that temporally macrophages precede and promote
endothelial cell proliferation. During the first 3 days after laser
injury, macrophages were concentrated in the choroidal base
and central substance of the CNV lesion, but were sparse near
its retinal apex (Fig. 3). Also, there was no difference in the
density of macrophages and retinal microglia in the retina
adjacent to the laser scar compared with the remainder of the
retina, using either F4/80 (Fig. 3C) or CD45.2 (similar data not
shown).

The stereotypical CNV response to laser injury was mark-
edly inhibited by IV CIL,MDP-LIP and to a lesser extent by SC
CLLMDP-LIP (Fig. 4). Combined IV and SC CL,MDP-LIP treat-
ment 2 days before laser injury decreased CNV volume by
90.8% 3.1% (P  0.0001), immediately after laser injury by
79.2% 11.1% (P  0.0001), and before and immediately after
laser injury by 91.7% 4.7% (P 0.0001), compared with
combined IV and SC PBS-LIP treatment (Fig. 5). However,
when IV and SC CIL,MDP-LIP were administered 2 days after
laser injury CNV volume was not significantly reduced (P
0.11). IV CL,MDP-LIP treatment reduced CNV volumes in eyes
treated with SC CL,LMDP-LIP or SC PBS-LIP. When coadminis-
tered with IV PBS-LIP, SC CL,MDP-LIP treatment 2 days before
laser injury decreased CNV volumes by 24.5%  7.2% (P
0.05), immediately after laser injury by 27.8%  8.2% (P
0.05), and before and immediately after laser injury by 35.5%
7.9% P 0.007), compared with SC PBS-LIP; however, SC

SEM.*P 0.01and {P  0.001 compared with no CL, MDP-LIP

CLMDP-LIP did not augment the antiangiogenic effect of IV
CLMDP-LIP.

Pair-wise comparison of the different groups (timing of
administration) revealed that IV CL,MDP-LIP was more effec-
tive when administered 2 days before laser injury than imme-
diately after P 0.05) or 2 days after (¢  0.0001; Fig. 5E).
Administering IV CL, MDP-LIP immediately after laser injury did
not provide added benefit when it was administered 2 days
beforeaswell ? 0.83). When SC CL,MDP-LIP was combined
with IV CL,MDP-LIP, drug treatment 2 days before was no more
effective than immediately after (P 0.20), but both were
mote effective than 2 days after 7 0.0001).

At 1 week after laser photocoagulation, fewer lesions in
CL,MDP-treated animals exhibited fluorescein leakage (Fig. 6).
Greater suppression of angiographic leakage was found when
CLMDP-LIP was administered both before and immediately
after laser injury.

Discussion

To our knowledge, this study is the first to demonstrate that
macrophage depletion by CLMDP-LIP inhibits the develop-
ment of laserdinduced CNV, validating our hypothesis that
macrophages play a pivotal role in this process. Cl,MDP-LIP
decreased the peak macrophage response in parallel with
VEGF protein levels and total CNV volume. CL,MDP-LIP admin-
istered before and/or immediately after laser injury inhibited
CNV, whereas it did not exhibit any effect when administered
2 days after laser injury. This is presumably because macro-
phage depletion occurs roughly 24 hours after Cl,MDP-LIP
exposure, by which time the peak macrophage response at the
site of laser injury has occurred. These data show that macro-
phages, which previous histopathological studies of experi-
mental and clinical CNV have shown to be closely associated
with new vessels, play a causal not a coincidental role in the
development of laser-induced CNV.

IV CLLMDP-LIP-induced inhibition of CNV was not aug-
mented by SC CIL,MDP-LIP, whereas the latter was observed to
inhibit CNV partially when coadministered with IV PBS-LIP.
The total volume of SC CI,MDP-LIP administered to any single
animal did not exceed 20 L, which is insufficient to deplete
splenic or hepatic macrophages.'®> In a2 model of experimental
autoimmune pigment-epithelial uveitis (EAPU), IV CL,MDP-LIP,
but not SC CL,MDP-LIP, inhibited EAPU,*” suggesting that 5C
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Ficure 2. Macrophages recruited after laser injury colocalized with endothelial cells, and both responses
were inhibited by Cl,MDP-LIP. (A) Three days after laser injury in an animal treated with IV PBS-LIP,
macrophages (arrows) stained by CyS5-F4/80 (blue) colocalized (arrowbeads) with endothelial cells
stained by FITCIsolectin B4 (green). Colocalization by merging yielded a cyan color. 8) SC CL,MDP-LIP
partially inhibited the number of macrophages (arrows) and CNV volume. (C) IV Ci,MDP-LIP nearly
abolished macrophage (a@rrows) and CNV response. The 1- m sections with the greatest density of
F4/80 staining within laser scars are shown. Scale bar, 50 m.

Ficure 3. Macrophages in CNV were not recruited from the resident retinal population. (A) Three days
after laser injury, numerous macrophages (arrow) stained by Cy5-F4/80 (blue) were present near the
choroidal base of the CNV lesion (endothelial cells stained by FITC-Isolectin B4 appear green B). (B) The
highest density of macrophages (arrow), many of which colocalized with endothelial cells ®@) (merge
yields cyan color; arrowbeads) was present in the middle of the CNV lesion. (C) A paucity of macro-
phages were found at the retinal surface of the CNV lesion (perimeter outlined in white) and in the
adjacent retina (R). One-micrometer-thick sections are shown. Scale bar, 50 m.

s
s

FiGuRe 4. CLMDP-LIP inhibited CNV 1 week after laser injury. IV
CLLMDP-LIP administered 2 days before and immediately after laser
injury suppressed CNV volume (A) to a greater degree than when
administered 2 days after laser injury 8). SC Cl,MDP-LIP administered
2 days before and immediately after laser injury in the presence of IV
PBS-LIP partially inhibited CNV volume (C) compared with IV and SC
PBS-LIP treatments at the same times (D). Stacked confocal images (1

m sections) of FITC-isolectin B4 labeled tissue within laser scars are
shown. Scale bar, 100 m.

— 277 —




3582 Sakurai et al. IOVS, August 2003, Vol. 44, No. 8
p= 5,600 < 0.0001
T ] Tp=0.067
C pe0s B p=0.001
700008 7 i.,.‘fm“w_} TEnony - [ —
oy BO00D : PEGO00E o~ 600035 - : P BOURL
r—————— % oo R
£ seoo00 T : 5 sooon0 [ (
g 300000 % D800 i
'§ 308000 B 306000 1
?;5 208600 p 064 % 200000 4 p=070
“ 400000 - r l 160908 - N
o ! L 0 \ E 1
4 - IS + + ? . - + +
Clotronate i Cladronate
5 . Y . + S0 . + - +
< 0.0001 poot
__peo.b
C I } D 72
OO0 ~ P08 106808 4 Pt a0l
e, GDOOOB f ! ‘ o~ 606000 - o
% T p< 00008 v =55
& s B 1 B
5 800000 o — 5 soon00 - 1 "
E ABOUD0 - T § 406000 I T
B 900000 p=eIy B 0008 -
2
200000 »Tl ! £ 200008 -
100008 - —~J———} 2 yonomn
8 e
1°8 - - 4 s+ v » » + +
Clodronate Clodronate
- + . + - * - 4
80008 -
S00800 L
o~
8 500000 -
K= -
% ADDALH: - ;)
'g;: ABOBHN #
% 200060 - b o #
2 24k ® z .
“ qopoon- ' # E:d ;
f, B i B R sow BB
Gyaup 2 3 * 1 2 3. * 1 2 3 Y + 2 3 4
v Rs PR Cladransts Clodronate
8o Bs Siodronate PRS Clasdranate

FIGURE 5. CNV volume was markedly diminished in CL, MDP-LIP-treated mice 1 week after laser injury. Cl, MDP-LIP administered 2 days before
laser injury (A), 2 days before and immediately after laser injury (8), and immediately after laser injury (C) demonstrated potent inhibition of CNV
volume when Cl,MDP-LIP was administered IV and mild inhibition when it was administered SC. SC Cl,MDP-LIP did not provide added inhibition
when administered with IV CLMDP-LIP, but provided moderate inhibition when coadministered with IV PBS-LIP. Neither route of administration
provided significant inhibition when administered 2 days after laser injury (D). (E) Pair-wise comparison of CNV volumes between group 1
(treatment 2 days before), group 2 (2 days before and immediately after), group 3 (inmediately after), and group 4 (2 days after) are presented.
IV CI,MDP-LIP was more effective when administered 2 days before laser injury (group 1 or 2) than immediately after (group 3) or 2 days after
(group 4). When SC CI,MDP-LIP was combined with IV Cl,MDP-LIP, drug treatments 2 days before (group 1 or 2) or immediately after (group 3)
were more effective than at 2 days after (group 4). Administering IV CI,MDP-LIP immediately after laser injury did not provide added benefit when
it was administered 2 days before, as well (group 1 versus group 2). *P  0.05 versus group 3, #P  0.0001 versus group 4. All other differences
NS. n 5 for all groups.

delivery of liposomes does not exert a systemic effect. There-
fore, the observed beneficial effect of SC CIL,MDP-LIP on CNV
may be attributed to depletion of regional lymph node macro-
phages. In aggregate, these observations suggest that the pre-
dominant pool of macrophages that infiltrate areas of laser-
induced CNV is derived from the systemic circulation,
although submandibular nodes make a minor contribution.

The origin of macrophages observed after laser injury has

_been the subject of much inquiry.*?*-3® We found that admin-

istering IV CLLMDP-LIP immediately after laser injury, which
provides access to resident macrophages, did not augment the
inhibition of CNV induced by IV CL,MDP-LIP 2 days before
injury. We also found no infiltration of macrophages and mi-
croglia in the retina adjacent to the laser scar. Our data provide
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FIGURE 6. CLMDPLIP decreased an-
giographic leakage of laserinduced
CNV. Representative late phase (6-8
minutes) fluorescein angiograms 1
week after laser injury of mice treated
with IV PBS-LIP before and immedi-
ately after (A), with IV CL,MDP-LIP 2
days before @), and with IV CI,MDP-
LIP 2 days before and immediately af-
ter (O) laser injury.

direct anatomic and functional evidence that circulating rather
than resident macrophages are the primary culprit in laser-
induced CNV. This is consistent with the in vitro finding of
polarized secretion of macrophage chemoattractant protein
(MCP)-1 from the RPE into the choroid rather than the retina’!
and the in vivo finding of MCP-1 in RPE and choroid, but not in
the retina, of eyes with AMD.*?

A consensus has yet to emerge in quantifying experimental
CNV: Both anatomic and functional metrics have been used.
The former include measuring thickness and area on serial
sections or volumes by confocal microscopy on RPE-choroidal
flatmounts, aided by an endothelial cell marker. En masse
volumetric measurements are less susceptible to nonorthogo-
mality and Joss or poor quality of sections than serial sectioning.
Fluorescein angiography, which correlates with visual acuity in
patients with AMD?*73> and also permits longitudinal evalua-
tion of the evolution of the laser lesions unlike histopatholog-
ical examination, reflects on the leakage of these lesions,
which presumably correlates with their activity. We used both
anatomic and functional metrics of measuring CNV to corrob-
orate our findings: CL,MDP-LIP inhibited both the anatomic
volume and the angiographic leakage of laser-induced CNV,

We have shown that the leukocyte adhesion molecules
CD18 and intercellular adhesion molecule ICAM)-1 play a key
role in laserinduced CNV.?¢ Because liposomes do not inter-
fere with leukocyte adhesion®” or rolling®® and PBS-LIP did not
inhibit CNV, the antiangiogenic effects of CIl,MDP-LIP can be
attributed to depletion of macrophages alone. We infer there-
fore that the paracrine signals produced by macrophages pro-
mote the development of CNV. A likely signaling candidate is
VEGF, as its levels were suppressed by CL,MDP-LIP in tandem
with the number of macrophages, particularly because VEGF
has been shown to be operative in CNV.'>7>!

We postulate that CLLMDP-LIP aborted the early-phase re-
sponse to laser injury, mediated by macrophage migration,
perhaps in response to overexpression of MCP-1, a stereotyped
wounding response®® that also occurs in RPE cells of AMD eyes
(Spandau U, et al. JOVS 2000;41:ARVO Abstract 4440).>? In
support of this hypothesis, we have demonstrated that genetic
ablation of MCP-1 or its cognate receptor CCR2 markedly
inhibits laser-induced CNV (data not shown). However, the
inhibition of CNV volume in MCP-1- or CCR2-deficient mice
( 75%) did not match the near abolition induced by maximal
CL,MDP-LIP treatment, probably due to depletion by Cl,MDP-
LIP of macrophages responsive not only to MCP-1 but to other
chemokines, such as macrophage inflimmatory proteins-1
and - , that may play minor roles in recruiting macrophages.

Administering CLMDP-LIP before or immediately after in-
jury sharply reduced the number of macrophages in the site of
laser injury, preventing the paracrine effects of these cells on
endothelial cell migration and proliferation. VEGF, a major
product of activated macrophages was reduced in parallel with
the decrease in the number of macrophages. Laser photocoag-
ulation leads to VEGF production by RPE cells,*® predomi-
pantly on the choroidal side,*! which itself can act as a mac-
rophage chemoattractant. >3 However, because VEGF was
reduced by CLMDP-LIP, it seems that macrophages contribute
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perhaps more toward upregulation of VEGF than RPE or that
RPE secretion of VEGF may be induced, in part, by macro-
phage-RPE interaction. Through their own VEGF release®
macrophages can amplify the local VEGF response. Also mac-
rophage-derived cytokines can stimulate VEGF production in
RPE cells*® and choroidal fibroblasts.*® Macrophages can per-
petuate their ingress by stimulating RPE cells to secrete MCP-1
into the choroid in a polarized gradient.** In addition to VEGF,
macrophages also may produce matrix metalloproteinases
(MMPs) di.rectly“7 or through VEGF, which induces MMP ex-
pression in endothelial cells,48 These MMPs, which have been
found in CNV in AMD,*® can facilitate endothelial cell migra-
tion during angiogenesis.

These findings may have some relevance to CNV in AMD,
for although the laser injury model may involve processes not
relevant to AMD, it captures many of the important features of
the human condition. Laser photocoagulation that disrupts
Bruch’s membrane can induce CNV in humans.®*® Both in
experimental models and in AMD, newly formed vessels that
are functionally incompetent®®>? project into the subretinal
space through defects in Bruch’s membrane. Aggregation of
leukocytes near arborizing neovascular tufts¥** is another
shared feature of experimental and clinical CNV. Immunostain-
ing has demonstrated the presence of VEGF and its recep-
tors, “>%® basic fibroblast growth factor,>*** transforming
growth factor- ,>*5% tumor necrosis factor- ,*> Fas, and Fas-
ligand®7'>® in cells of the CNV membranes in both conditions.

Because angiogenesis is a complex process with multiple
redundant and intertwined cascades, it is remarkable that mac-
rophage depletion alone nearly abolished CNV. This suggests,
at least in this model of CNV, that macrophages and cytokines
derived from them are requisite in this process and buttresses
the growing body of evidence implicating leukocytes in the
initiation of angiogenesis. Although macrophage inactivation
could lead to immunosuppression, no overt infection was
observed in our study involving transient macrophage deple-
tion or by other investigators.”'! Although the clinical impli-
cations of transient, partial depletion of macrophages with
CL,MDP-LIP will be apparent only in human trials, MCP-1 or
CCR2 may be attractive molecular targets, particularly with
local drug delivery.””
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The controi of gene transfection in the body is a core
issue in gene therapy. Photochemical internalization is
a technology that allows light-induced delivery of DNA,
drugs or other biological factors directly inside cells.
Usually it requires that a photosensitizer be added to
the drug delivery system to photochemically destabilize
the endosomal membrane. Here we present a system for
in vivo DNA delivery in which these two components are
assembled into one structure. This is a ternary complex
composed of a core containing DNA packaged with
cationic peptides and enveloped in anionic dendrimer
phthalocyanine, which provides the photosensitizing
action. The ternary complex showed more than 100-fold
photochemical enhancement of transgene expression
in vitro with reduced photocytotoxicity. In an animal
experiment, subconjuctival injection of the ternary complex
followed by laser irradiation resulted in transgene
expression only in the laser-irradiated site. This work

different applications  for
and photochemical-

internalization-mediated gene delivery i vivo.

demonstrates biomedical

dendrimers success in  the
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safe and effective gene vectors to achieve successful in vivo

gene therapy'™. Compared with viral vectors with an inherent
risk for clinical use, non-viral synthetic vectors have received
much attention owing to the advantages of safety, simplicity of
use and ease of mass production'™. A promising approach to
the design of synthetic vectors is the use of cationic polymers
and peptides. In general, the plasmid DNA (pDNA)/polycation
complexes (polyplexes) are internalized by the cell through the
endocytic pathway and need to be released from the endosome
to deliver the genes to the nucleus. It is well known that this
endosomal escape of the polyplexes is the main obstacle to
obtaining efficient transfection®. Polycations possessing a buffering
capacity, such as polyethylenimine (PEI), show a high in vitro
transfection activity owing to the so-called proton sponge effect®;
however, it is probable that the inherent cytotoxicity will impair
their clinical utility as gene carriers, Hence, further efforts need to
be devoted to the development of synthetic vectors especially for
in vivo use.

In contrast, site-specific gene transfer to somatic cells is strongly
desired; however, the existing vectors, including the viral and
non-viral vectors, might have great difficulty in achieving in vive
transfection in a site-specific manner. In this regard, a different
concept has been proposed®'®, photochemical internalization
(PCI): the cytoplasmic delivery of macromolecular compounds
is enhanced by the photochemical disruption of the endosomal
membrane using light and a hydrophilic photosensitizer. This smart
concept is, in principle, applicable to the in vivo gene delivery in a
light-sensitive manner'’. However, the cytotoxicity is accompanied
by photochemical reactions in the cell, and this might need to be

There has been a strong incentive for the development of
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Figure 1 Preparation and characterization of the temary complex. a, The chemical structure of ionic DPc. b, A scheme for preparation of the pDNA/CP,/DPc ternary
complex. ¢, Gel retardation assay of the pDNA/CP, polyplex prepared at an N/P ratio of 2, and the ternary complexes with varying charge molar ratios of pDNA/CP,/DPc. d,
AFM images of the pDNA/CP, and pDNA/CP,/DPc complexes. Arrow heads indicate plasmid DNA released from the termary complexes.

reduced before considering further applications of this technology.
Moreover,. there is still room for optimization and modification
for in vivo applications. From the viewpoint of materials science,
this concept ‘can be integrated into nanodevices for drug and
gene delivery.

In the present paper, we assume that the control of subcellular
localization of photosensitizers maybe a key to the PCI-mediated
gene delivery with reduced cytotoxicity, because the photodamage
to sensitive organelles other than the endosomal membrane,
for example the plasma and mitochondrial membranes, might
be responsible for the photocytotoxicity!'. In addition, gene
carriers should be equipped with a photosensitizing unit as
one component for in vivo applications. These assumptions
motivated us to develop a light-responsive gene carrier based
on a ternary complex of pDNA, cationic peptides and anionic
dendrimer-based photosensitizers (dendrimer phthalocyanine:
DPc; Fig. la). Dendrimers, the three-dimensional tree-like
branched macromolecules, have attracted growing -interest as
materials for drug and gene delivery'®'S, and the ternary complex
is a different biomedical application of dendrimers. The ternary
complex has shown significant photochemical enhancement of the
transgene expression in vitro with reduced photocytotoxicity and
in vivo gene transfer to. the conjunctival tissue in the rat eye in a
light-selective manner.

The ternary complex is composed of a core of a pDNA/cationic
polymer polyplex enveloped with anionic DPc¢ (Fig. la) as
illustrated in Fig. 1b. DPc possesses a centre phthalocyanine
molecule surrounded by a second generation of aryl ether
dendrons, and 32 carboxyl groups on the periphery of DPc allow
polyion complex formation with cationic polyplexes. In the present
study, the core polyplex was formed from a quadruplicated cationic
peptide (CP,), where a peptide (CP,: C(YGRKKRRQRRRG),))
was dimerized through a disulphide linkage, and pDNA was
mixed with the CP, peptide at a molar ratio of cationic
amino acids to a phosphate anion in DNA (N/P ratio) of
2. It has been demonstrated” that CP, and CP, contain a
nuclear localization sequence (NLS) and thereby effectively mediate
the gene transfection to the cell with the aid of conventional
transfection reagents such as PEI and LipofectAMINE to promote
the endosomal escape of the polyplex. Thus, these potent cationic
peptides were used for the formation of the ternary complex to
ensure the efficient gene transfection following the endosomal
escape of the polyplex.

In this study, the ternary complexes were prepared by varying
the charge molar ratios of pDNA/CP,/DPc, and the complex
formation was confirmed by a gel retardation assay (Fig. 1c). As
a result, pDNA was incorporated into the complexes with charge
ratios up to 1:2:2, but was excluded from the complex with a charge
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Table 1 Size, size distribution and ¢-potential of the electrostatic assemblies
containing plasmid DNA.

Cumulant Polydispersity ¢-potential

diameter (nm) index (mv}
PDNA/PEI (1:10) 127.8 0.211 23.8+0.1
pDNA/CP, (1:2) 100.8 0.185 21.3+2.3
pDNA/CP4/DPc (1:2:0.5) 149.7 0.115 —8.54+3.6
PDNA/CP,/DPC (1:2:1) 130.8 0.108 —29.2+2.86
pDNA/CP,4/DPc (1:2:2) 107.7 0.143 —-23.2+0.9
PDNA/CP4/BPc (1:2:5) 267.1 0.180 —43.6£0.7
PDNA/CP,/PAA* (1:2:0.5) 621.2 0.444 —27.1+£0.8
PDNA/CP,/PAA (1:2:1) 672.0 0.477 -25.8+0.4
PDNA/CP,/PAA (1:2:2) 9123 0.361 —24.3+0.8
pDNA/CP4/PAA (1:2:5) 1426 0.278 —~25.3+£2.3

* PAA: Poly(aspartic acid) homopolymer with a polymerization degree of 26

ratio of 1:2:5. The release of pDNA from the 1:2:5 complex was also
observed by atomic force microscopy (AFM) as shown in Fig. 1d.
Thus, addition of excess DPc might disintegrate the pDNA/CP,
polyplex. The size, polydispersity index and ¢-potential of the
pDNA/CP,/DPc ternary complexes are summarized in Table 1. The
addition of DPc to the positively charged pDNA/CP, polyplex gave
negative {-potential values, suggesting the formation of ternary
complexes covered with anionic DPc. A decrease in the size of the
ternary complexes with increasing DPc ratios may be attributed to
shrinkage of the cationic peptide corona on the polyplex surface
through electrostatic interaction with DPc. Surface modification
with anionic DPc provided the 1:2:1 and 1:2:2 complexes with
excellent colloidal stability, whereas the 1:2:0.5 complex possessing
an almost neutral {-potential value tended to precipitate in
several hours. Significantly, the ternary complexes showed much
lower polydispersity indices compared with the pDNA/CP, or
PEI polyplexes (Table 1). The AFM observation has revealed
consistently that the 1:2:1 complex consists of spherical particles
with a narrow size distribution, which is in marked contrast to
the pDNA/CP, polyplex containing large aggregates (Fig. 1d).
Note that the addition of poly(aspartic acid) (PAA) homopolymer
with a polymerization degree of 26 to the pDNA/CP, polyplex
resulted in a large aggregate formation (Table 1). Hence, the three-
dimensional structure of DPc is assumed to play an essential role in
the formation of a ternary complex with a narrow size distribution
and excellent colloidal stability. The layer-by-layer assemblies of
oppositely charged polyelectrolytes onto colloidal particles have
attracted considerable attention'®"®; however, the pDNA/CP,/DPc
ternary complex is definitely discriminated from the layer-by-
layer assemblies, because a core composed of hard materials is
not required for the formation of the ternary complex. Thus,
the ternary complex presented here is a supramolecular assembly
consisting of a pPDNA/CP, polyplex core and a DPc envelope.

The properties of DPc and the ternary complex related to
the  initial steps in the gene transfection to the cell (that is,
processes from the cellular uptake to when photodamage to
the endosomal membrane occurred) were evaluated, because the
ternary complex was designed to control these processes. First,
the cellular uptake of the ternary complex was evaluated by flow
cytometry using a fluorescein-labelled pDNA, as shown in Fig. 2a.
The amount of cellular uptake of the ternary complexes was less
than that of cationic polyplexes such as pDNA/CP, and pDNA/PEI,
and decreased as the DPc ratio increased. The ternary complex
covered with anionic DPc should have a lower affinity for the
negatively charged plasma membrane of cells, accounting for the
results in Fig. 2a.

The pH-dependent hydrophilic/hydrophobic behaviour of DPc
and its possible interaction with cell membranes was estimated
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by octanol/water partitioning, which is a common method for
evaluation of drug-membrane interactions®. The partitioning
(%) of DPc to the octanol phase increased as the pH decreased
to 5.0-5.5 (Fig. 2b), suggesting the increased hydrophobicity
of DPc and possible interactions with cell membranes under
low-pH conditions. Because the DPc consists of a hydrophobic
dendritic framework, the protonation of the peripheral carboxyl
group under acidic conditions might increase its hydrophobicity.
This result suggests that DPc may be released from the ternary
complex under endosomal pH conditions to interact with the
endosomal membrane, while electrostatically interacting with the
positively charged surface of the polyplex at physiological pH.
This assumption offers an interesting opportunity to selectively
photodamage the endosomal membrane for effective PCI.

Figure 2¢ shows the subcellular distribution of FITC-labelled
dextran co-incubated with the 1:2:1 ternary complex. It was
demonstrated that FITC-dextran showed diffused fluorescence
throughout the cytoplasm after photoirradiation, whereas it
showed punctuated fluorescence corresponding to localization
in the endosome and/or lysosome before photoirradiation.
This result suggests the capability of the ternary complex of
releasing the contents in the vesicular organelles to the cytoplasm
on photoirradiation. '

To evaluate the potential of the ternary complex for PCI-
mediated gene delivery, in vitro transfection experiments were
performed on HeLa cells with a luciferase (Luc) reporter gene
in the presence or absence of photoirradiation. Simultaneously,
the cell viability was assessed by MTT assay (see Methods).
Figure 3a shows the transfection efficiency and cytotoxicity of
the pDNA/CP, polyplex and pDNA/CP,/DPc ternary complexes
with varying charge ratios of DPc after irradiation of the
light with increasing fluence. In this experiment, the cells were
photoirradiated after 6-h incubation with each complex and
fresh medium replacement, followed by 48-h post-incubation.
The 1:2:1 and 1:2:2 ternary complexes achieved more than 100-
fold photochemical enhancement of the transgene expression
with minimal photocytotoxicity over a wide range of fluence
(—3.6 J cm™?), whereas the 1:2:5 ternary complex, having a
disordered structure, showed the lowest transfection activity
(Fig. 3a). Note that a further increase in fluence resulted in
a significant increase in the photocytotoxicity of the ternary
complexes (a 50-70% decrease in the viability at 5.4 ] cm™)
(see Supplementary Information, Fig. S1). The transfection
to a different cell line (that is, 293T cells) revealed similar
photochemical enhancement of transgene expression by the ternary
complexes, although the 1:2:1 and 1:2:2 ternary complexes showed
appreciable photocytotoxicity at a fluence higher than 2.7 J cm™
(see Supplementary Information, Fig. S2A). Furthermore, when
HeLa cells were incubated with the ternary complexes for a
prolonged period (that is, 24 h) before photoirradiation, the results
were similar to those in Fig. 3a (see Supplementary Information,
Fig. 52B). The effect of PCI-mediated transfection was comparable
to or more effective than that of hydroxychloroquine, a potent
endosomotropic agent’', depending on the cell lines (see Fig. 3a
and Supplementary Information, Fig. 52A).

The effect of the ternary complex on the PCl-mediated
transfection was further compared with that of AIPcS,, (aluminium
phthalocyanine with two sulphonate groups on adjacent phthalate
rings), which was demonstrated to be an effective photosensitizer
in PCP*°. Figure 3b shows the effect of AlPcS; on the
transfection efficiency of the pDNA/CP, polyplex (N/P ratio = 2)
and cytotoxicity to Hela cells with varying concentrations of
AlPcS,, and fluence. In the system using AlPcS,,, the photochemical
enhancement of the transfection was accompanied by a significant
increase in the photocytotoxicity, regardless of the concentrations

— 287 —

102

104
10
1
e

"3



ARTICLES

Control

pDNA/CP,
PONA/PE!

Cell count number

pDNA/CP,/DPc 1:2:1
pDNA/CP,/DPc 1:2:2

Fluorescent intensity

_
15 h after photoirradiation

0o &
80t

60

20

Octanol/water partition ratio (%)
&

-2 1 1 t g
4

Figure 2 Properties of DPc and the pDNA/CP,/DPc ternary complexes. a, Cellular uptake of the electrostatic complexes incorporating fluorescein-labelled pDNA. Hela
cells were incubated with each complex for 6 h, followed by flow cytometric analysis. The pDNA/PEI polyplex was prepared at an N/P ratio of 10. b, The pH-dependent
partitioning (%) of DPc from the agueous phase to the octanol phase. ¢, The intracellular distribution of FITC-dextran (green) co-incubated with the pDNA/CP,/DPc complex
with a charge ratio of 1:2:1 before and after photoirradiation. Hela cells were incubated with the temary complex for 6 h, followed by photoirradiation. The cell nuclei were

stained with Hoechst 33258 (blue).

of AlPcS,,. Comparison between Fig. 3a and b reveals that the
ternary complex achieved an expanded range of safe light doses,
in which remarkable photochemical enhancement of the transgene
expression was accomplished without compromising cell viability,
ensuring the safety and effectiveness of the PCl-mediated in vivo
gene delivery.

The reduced cytotoxicity after prolonged incubation with syn-
thetic vectors might be one of the main criteria for success-
ful in vivo transfection. In this study, the cells were photoir-
radiated after 6 h incubation with each complex, followed by
48-h post-incubation without medium replacement. Figure 3c
shows the transfection efficiency and cytotoxicity of each complex
after prolonged incubation. The 1:2:0.5, 1:2:1 and 1:2:2 ternary
complexes showed 158-, 117- and 23-fold photochemical enhance-
ment of the transfection, respectively, with approximately 20% de-
creases in the cell viability. In contrast, the efficient transfection
by the PEI polyplex was accompanied by a remarkable decrease
(~85%) in the cell viability. Thus, the PCI-mediated gene delivery
can avoid long-term toxicity, which is often induced by the poly-
plexes based on buffering polycations, because the process toxic to
the cell is controlled in a light-responsive manner. Also, the ternary
complex with a negative {-potential value might hardly interact
with the negatively charged cell membranes, leading to reduced cy-
totoxicity in long-term incubation.

The potential of the ternary complex for in vive PCI-
mediated gene delivery was studied by the transfection of a
reporter gene (a variant of yellow fluorescent proteins, Venus)
to the conjunctival tissue in rat eyes on laser irradiation. In
this study, the rat eyes received a subconjunctival injection
of the ternary complex (360° circumferential to the cornea),
and part of the conjunctiva was then irradiated with a
semiconductor laser (689 nm) at 2 h post-injection (Fig. 4a).
The pDNA/CP,/DPc ternary complex with a charge ratio of
1:2:1 achieved significant gene expression only at the laser-
irradiated site in the conjunctiva in 8 out of 12 eyes (2 days
after irradiation) (Fig. 4b,c). Neither the ternary complexes with
different compositions (that is, the 1:2:0.5 and 1:2:2 ternary
complexes) nor ExGen500, which is one of the most efficient
synthetic vectors, showed visible transgene expression. With the
passage of time, the number of transfected eyes as. well as the
fluorescent intensity significantly decreased (Fig. 4c). Fluorescent
microscopic observation of a frozen section of the conjunctival
tissue revealed that the conjunctival epithelial cells were clearly
transfected (Fig. 4d,e). Thus, the transfection only at the laser-
irradiated site in the conjunctival tissue was achieved by the
PCI-mediated gene delivery using the ternary complex. To
our knowledge, this is the first success in PCl-mediated gene
delivery in vivo.
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