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PURPOSE. Injection of tumor cells transformed by the early
region 1 of human adenovirus type 5 (Ad5E1) in the anterior
chamber (AC) of C57BL/6 mice leads to intraocular tumor
formation. This tumor disappears spontaneously 3 to 4 weeks
after tumor inoculation without damaging the neighboring
ocular tissues. Previous studies have shown that CD4� T cells,
IFN�, and TRAIL (tumor necrosis factor-related apoptosis-in-
ducing ligand) play a role in the spontaneous eradication of this
particular intraocular tumor. This study was conducted to
determine whether macrophages are involved in the natural
elimination of this intraocular tumor.

METHODS. Ad5E1-expressing tumor cells were inoculated into
the AC of syngeneic C57BL/6 mice. Macrophage depletion was
obtained by subconjunctival (scj), subcutaneous (sc), or intra-
venous (iv) injection of clodronate liposomes 2, 8, and 14 days
after tumor inoculation. Control C57BL/6 mice received PBS
liposomes at similar time points after tumor injection or were
left untreated. The presence of macrophages in the AC tumor
was determined with the macrophage marker F4/80.

RESULTS. Progressive tumor growth was observed in mice that
were subconjunctivally depleted of macrophages, whereas
spontaneous tumor eradication occurred in all other groups.
F4/80 staining was negative in the AC tumors of mice treated
scj with clodronate liposomes in contrast to the positive F4/80
staining in the tumors of the other groups. Ad5E1 tumor
antigen still reached the tumor-draining lymph nodes (DLNs) of
mice locally depleted for macrophages.

CONCLUSIONS. Local macrophages in the eye are involved in the
process of spontaneous AC tumor eradication in mice. How-
ever, it is not conclusive from these data exactly how tumor-
specific CD4� T cells and macrophages interact with each
other to eliminate the Ad5E1-AC tumor without any collateral
eye damage. (Invest Ophthalmol Vis Sci. 2006;47:2959–2965)
DOI:10.1167/iovs.05-1427

The eye has evolved special immunologic features to pro-
tect itself from immune-mediated disease. This concept of

immune privilege was suggested during classic studies demon-
strating that transplanted allografts survive longer in the AC of
the eye than in nonprivileged body sites, such as the skin.1 The

biological significance of immune privilege of the eye seems
clear; the visual axis needs to be protected from irreversible
injury caused by a severe immune response, as such an evoked
immunologic reaction in the delicately structured eye may be
more damaging than the initial invading pathogen.

It has traditionally been believed that immune privilege of
the eye was due to lack of lymphatic drainage and the presence
of blood–ocular barriers. Furthermore, it has been speculated
that ocular antigen (Ag) is hidden from the immune system,
thus sparing the eye from the destructive effects of inflamma-
tory cells, as they do not reach the eye.2 More recently, it has
been acknowledged that ocular immune privilege is much
more multifaceted. It includes the production and action of
immunosuppressive cytokines, expression of Fas ligand (FasL),
and tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL).3,4 FasL and TRAIL are placed at strategic places in the
eye, such as corneal epithelium, corneal endothelium, iris
vasculature, and retina to induce apoptosis of invading lym-
phoid cells and protect ocular tissues from the damaging ef-
fects of inflammation.5,6 This may be why ocular inflammatory
disease is relatively rare. However, intraocular tumors are also
exceptional. The position of both FasL and TRAIL may contrib-
ute to these observations. Another mechanism for limiting
intraocular tumor progression is T-cell-dependent immune re-
jection of intraocular tumors, showing that ocular immune
privilege can be circumvented.7,8 Thus, the eye has both T-cell-
dependent and -independent mechanisms for controlling in-
traocular tumors.

Immune-mediated rejection of intraocular tumors can fol-
low two fundamental patterns.9,10 The first pattern strongly
resembles a delayed-type hypersensitivity (DTH)–mediated
process and culminates in extensive collateral damage to all
structures of the eye, eventually leading to phthisis. This rejec-
tion mechanism is executed by CD4� T cells. By contrast, the
second pattern of intraocular tumor eradication mainly in-
volves tumor-specific cytolytic T lymphocytes (CTLs) and
leaves the eye morphologically intact. In recent studies, we
report a third pattern of intraocular tumor rejection. Tumor
cells transformed by the human adenovirus type 5 early region
1 (Ad5E1) oncogenes are rapidly rejected when injected sc,
but form tumors when injected into the anterior chamber (AC)
of the eye.7 These intraocular tumors do not grow progres-
sively but are eventually rejected after several weeks. This
tumor elimination process is CD4� T-cell dependent, but does
not require TNF�, FasL, perforin, B cells, NK cells, or CD8� T
cells.8 However, this nonphthisis form of tumor rejection is
IFN�-dependent and appears to be mediated by TRAIL.11

Because Ad5E1-expressing tumor cells are major histocom-
patibility complex (MHC) class II negative it is unlikely that
tumor-specific CD4� T cells directly recognize and kill the
Ad5E1-expressing cells. It is plausible that the effective antitu-
mor response involves communication between tumor-specific
CD4� T cells and MHC class II-positive host cells that cross
present tumor-derived material to the CD4� T cells. Accord-
ingly, we considered the possibility that macrophages may act
as additional effector cells for inducing apoptosis of intraocular
tumor cells. It is well known that macrophages have a central
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role in immune responses, also in antitumor immunity.12 Acti-
vated macrophages are potent producers of IFN� and stimulate
CD4� T cells.13 In addition, Ag-presenting macrophages can be
eliminated by activated CD4� T cells.14 It is also conceivable
that macrophages act as ancillary effector cells for inducing
apoptosis of intraocular Ad5E1-expressing tumor cells. Hence,
we investigated the role of macrophages in this nonphthisis
intraocular tumor-rejection process.

METHODS

Mice

Male C57BL/6 mice (H-2Db) were obtained from Jackson Laboratory
Iffa Credo (Brussels, Belgium). Strain 42 (Thy 1.2) mice, bred at
TNO-PG (Leiden, The Netherlands), are T-cell receptor (TCR) trans-
genic mice expressing the TCR� and � chains derived from the H-2Db-
restricted, Ad5E1A234-243-specific CTL clone 5.15 All animals were
housed and cared for in accordance with the guidelines of the Univer-
sity Committee for the Humane Care of Laboratory Animals, NIH
Guidelines on laboratory animal welfare, and the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research.

Murine Tumor Cell Line

The characterization of murine embryo cells transfected with the early
region 1 of human adenovirus type 5 (Ad5E1) used in this study have
been described previously.16 Cell lines were maintained in Iscove’s
modified Dulbecco’s medium (IMDM; Invitrogen, Rockville, MD) sup-
plemented with 8% fetal calf serum (FCS), 50 �M 2-mercaptoethanol,
glutamine, and penicillin.

Clodronate-PBS–Containing Liposomes

The drug dichloromethylene diphosphonate (clodronic-acid disodium
salt tetrahydrate; Cl2MDP) was a gift from Roche Diagnostics GmbH
(Mannheim, Germany). Preparation of multilamellar phosphatidyl-cho-
line (PC) liposomes containing Cl2MDP or PBS as a control were
prepared as described previously.17

Intracameral Inoculations and Clinical Evaluation

A previously described technique for deposition of a definite number
of tumor cells into the AC of the mouse was used.7 Mice were anes-
thetized with a mixture (ratio 1:1) of xylazine (Rompun 2%; Bayer,
Leverkusen, Germany) and ketamine hydrochloride (Aescoket; Aescu-
laap bv, Boxtel, The Netherlands) given intraperitoneally. The eye was
viewed at low power (8�) under a dissecting microscope, and a sterile
30-gauge needle was used to puncture the cornea at the corneoscleral
junction, parallel and anterior to the iris. A glass micropipette (80 �m
in diameter) was fitted into a sterile infant feeding tube, which was
mounted onto a sterile 0.1-mL syringe (Hamilton Co., Inc., Reno, NV).
The pipette, loaded with Ad5E1-transformed tumor cells (0.3�106

cells/4 �L) was introduced through the puncture site of the cornea,
and 4 �L of the tumor cell was delivered into the AC. The eyes were
examined three times a week with a dissecting microscope to observe
and document tumor growth. Tumor volume was recorded as the
percentage of AC occupied with tumor.8

In Vivo Macrophage Depletion

For in vivo macrophage depletion, mice (each group consisting of 10
mice) were injected either subconjunctivally (scj), subcutaneously
(sc), or intravenously (iv) with Cl2MDP liposomes or PBS liposomes as
a control (sham depletion) on days 2, 8, and 14 post-Ad5E1-tumor
inoculation. In short: for the scj liposome injections, animals were
anesthetized with a mixture (ratio 1:1) of xylazine (Rompun 2%; Bayer)
and ketamine hydrochloride (Aescoket; Aesculaap bv) given intraperi-
toneally. Under a dissecting microscope, the conjunctiva was lifted and
a 30-gauge needle was used to puncture the conjunctiva at four
different locations around the AC and limbus. A glass micropipette (80

�m in diameter) was fitted into a sterile infant feeding tube, which was
mounted onto a sterile 0.1 mL syringe (Hamilton Co., Inc). The pipette,
loaded with liposomes was introduced through the four different
puncture sites of the conjunctiva, and at each puncture site 4 �L of the
liposome suspension was delivered. In total, 16 �L of Cl2MDP or PBS
liposomes were injected into the bulbar conjunctiva, resulting in an
equally distributed bleb surrounding the four injection sites around the
AC and limbus. Local subcutaneous macrophage depletion was ob-
tained by injecting 50 �L liposome suspension under the skin of the
cheek ipsilateral to the intraocular tumor. For systemic in vivo macro-
phage depletion 200 �L of Cl2MDP liposome suspension (or PBS
liposomes as control) was injected into the tail vein of tumor-bearing
mice. Control groups, in addition to the animals treated with PBS-
containing liposomes, were intraocular tumor-bearing mice without
any additional treatment.

Histology

Eyes and submandibular lymph nodes (LNs) were collected from two
to three mice from each group (each group contained 10 mice in each
experiment) for histology on days 14, 17, 23, and 28 after tumor
inoculation. Eyes were fixed in paraformaldehyde, progressively dehy-
drated to 99% ethanol and embedded in paraffin. Serial paraffin-em-
bedded 4-�m sections of a murine (tumor-bearing) eye were stained
with hematoxylin and eosin (HE).

Immunohistochemistry

Macrophages were visualized by immunohistochemistry using the rat
anti-mouse macrophage mAb F4/80 (clone C1:A3-1, IgG2b; Serotec,
Oxford, UK).18 Eyes were enucleated, and the submandibular LNs
were dissected from cervically dislocated mice with AC tumors un-
treated or treated scj, sc, or iv with Cl2MDP or PBS liposomes from day
3 and further on after the last liposome injections. Paraffin-embedded
4-�m sections, mounted on slides coated with aminopropyltriethoxy
silane (APES; Sigma-Aldrich, St. Louis, MO), were deparaffinized in
xylene (two times for 10 minutes) and ethanol 99% (two times for 5
minutes), rehydratated followed by Ag retrieval in a 37°C trypsin water
bath for 30 minutes. Subsequent incubations of the sections were
performed sequentially for 60 minutes, with 5-minute washings in PBS
between each step.19 Unspecific antibody binding was blocked by
incubation with PBS containing 1% bovine serum albumin for 10
minutes. Incubation with the monoclonal antibody F4/80 was followed
by biotinylated rabbit anti-rat IgG antibody (code no. E0467; Dako,
Glostrup, Denmark), diluted 1:300 in PBS containing 1% bovine serum
albumin. After a final incubation with biotinylated alkaline phospha-
tase-streptavidin (code no. K0391; Dako), the alkaline phosphatase
reaction was developed using Fast Red (Scytek, Logan, Utah) in a
naphthol-phosphate buffer (Scytek) with levamisole 50 mM. After 20
minutes, this reaction was blocked in distilled water. The slides were
counterstained with Mayer’s hematoxylin and mounted in Kaiser’s
glycerin. Control sections were incubated with isotype-matched pri-
mary Ab or with secondary Abs alone. In addition, lung sections were
used as the positive control. The microscopic slides containing F4/80-
positive staining were evaluated with the reader unaware of the treat-
ment given.

CFSE Labeling and Adoptive Transfer of
Transgenic T Cells

CFSE (carboxyfluorescein diacetate succinimidyl ester) labeling was
performed as previously described.20 Cells in peripheral LNs and
spleens from TCR-transgenic mice (strain 42) were resuspended in PBS
at 1 � 107 cells/mL and incubated with 0.5 �M CFSE (Invitrogen,
Eugene, OR) for 30 minutes at 37°C. FCS was added in a concentration
of 5%, and the cells were washed in PBS. CFSE labeled TCR-transgenic
CD8� T cells (3 � 106) were injected into the tail vein of (tumor-
bearing) mice in 200 �L of PBS.
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Flow Cytometry Analysis

CFSE-labeled transgenic E1A-specific T cells from draining and nond-
raining LNs and spleens were stained with APC-labeled anti-CD8 and
PerCp-conjugated propidium iodide. Data acquisition and analysis
were performed on a flow cytometer (FACScan with CellQuest soft-
ware; BD Biosciences, Franklin Lakes, NJ).

Experimental Design

To observe whether macrophages play an important role in the spe-
cific eradication of Ad5E1-expressing tumors in the AC of the eye, we
performed the following experiments. Any difference in intraocular
Ad5E1 tumor growth behavior was monitored in the several experi-
mental setups. In particular, attention was paid to the rate of tumor
development, (maximal) percentage of AC occupied with tumor cells
and pace of tumor eradication. Seventy mice inoculated with Ad5E1-
expressing tumor cells were divided into seven groups of 10 mice
each. Group 1 was untreated; group 2 received scj Cl2MDP liposomes;
group 3 had Cl2MDP liposomes injected sc in the region of the tumor-
draining lymph node (DLN), the submandibular LN,21 ipsilateral to the
tumor-bearing eye; group 4 was injected iv with Cl2MDP liposomes in
the tail vein; and groups 5, 6, and 7 received PBS liposomes scj, sc, or
iv, respectively, and served as control groups. This process was re-
peated three times with similar results.

Observing Tumor Growth. Both Cl2MDP and PBS liposomes
were deposited according to the mode of administration just described
at days 2, 8, and 14 after Ad5E1 tumor cell injection into the AC of the
eye. Intraocular tumor growth was observed by using a dissecting
microscope in which tumor volume was recorded as the percentage of
AC occupied by the tumor.8 This experiment was repeated two more
times.

Histology. The experimental setup was as described earlier, with
the exception that a few hours after the last injection of either clodr-
onate or PBS liposomes (day 14 after tumor injection), two to three
mice in each group were killed for the histologic workup of the
enucleated tumor-containing eye and the resected submandibular LN.
This was repeated on days 17, 23, and 28 after tumor inoculation. Serial
paraffin-embedded 4-�m sections of a murine (tumor-bearing) eye or of
a submandibular LN were stained with HE or macrophages were
visualized by immunohistochemistry using the monoclonal antibody
F4/80.

Timing of Macrophage Depletion. Ten tumor-bearing mice
were treated with scj Cl2MDP liposomes (group 2). Ten mice were
injected with scj PBS liposomes (group 5), and another 10 mice were
not treated (group 1). To find out whether the timing of clodronate
injections mattered, we started the first injection 8 days after tumor
inoculation. We repeated the procedure at day 14 after tumor injec-
tion. This experiment was repeated once.

Intraocular Ag Drainage and T-Cell Priming in Tumor-
DLNs. Recently, we described that intraocular tumor Ags are pre-
sented to tumor-specific CTLs in tumor-DLNs.21 This Ag is likely to be
derived from the ocular growing tumor, as previous control experi-
ments have shown that leakage of tumor cell suspension into the
conjunctival sac during the inoculation into the AC does not lead to
T-cell priming in the DLNs.21 Twenty-one mice with intraocular Ad5E1-
expressing tumors were divided in three groups of seven mice each.
Group 1 was not treated, group 2 received scj clodronate deposits, and
group 3 was injected sc with clodronate liposomes in the region of the
submandibular LN at days 2, 8, and 14 after tumor injection. Group 0
consisted of seven naı̈ve mice having neither tumor nor liposome
injections. Two days after the last clodronate liposome injection (16
days after tumor inoculation), we adoptively transferred CFSE-labeled
E1A-specific TCR-transgenic T cells into tumor-bearing mice, which
had received local clodronate liposome injections scj (group 2) or sc
(group 3), into nontreated tumor-bearing mice (group 1) and into naı̈ve
mice (group 0). Three days after adoptive transfer of the TCR trans-
genic cells (day 19 after tumor injection), lymphoid organs of tumor-

bearing recipients were removed and prepared for flow cytometry.
The experiment was then repeated.

Statistics

Statistical analysis was based on three similar experimental setups,
every experiment consisting of 70 mice with intraocular tumors, di-
vided over seven groups of 10 animals each (look at experimental
design). The �2 statistic test was used to compare proportions between
the groups. Because multiple �2 tests were performed (one for the
whole group and one for each comparison of a treatment group with
the controls), the � level was divided by seven (tests in total) to correct
for multiple comparisons problem (Bonferroni correction, P � 0.05/
n � 7 P � 0.007). Group 1: control group, untreated animals with
transient intraocular tumor growth; group 2: animals with intraocular
tumors treated with scj Cl2MDP liposome injections: �2�52.33 (df � 1,
P �� 0.007) with Yates continuity correction; group 3: animals with
intraocular tumors treated with sc Cl2MDP liposome injections:
�2�9.12 (di f� 1, P � 0.02, not significant [ns]) with Yates continuity
correction; group 4: animals with intraocular tumors treated with iv
Cl2MDP liposome injections: ns; groups 5, 6, and 7: animals with
intraocular tumors treated with scj, sc, and iv PBS liposome injections
respectively: ns.

RESULTS

Progressive Intraocular Tumor Growth in Mice
Locally Depleted of Macrophages

In prior studies, it has been shown that Ad5E1 intraocular
tumors undergo CD4� T cell-dependent rejection without col-
lateral eye damage. We considered the possibility that macro-
phages might act as additional effector cells for inducing apo-
ptosis of these intraocular tumor cells. This hypothesis was
tested by transplanting Ad5E1 tumor cells into the AC of
syngeneic C57BL/6 mice. Macrophages and myeloid dendritic
cells (DCs) were depleted locally or systemically by clodronate
(Cl2MDP) liposomes 2, 8, and 14 days after tumor inoculation.
Control C57BL/6 mice received PBS liposomes at similar time
points after tumor injection or were left untreated. The results
of a representative experiment are shown in Figure 1 and
demonstrate that intraocular tumors grew in both macrophage
depleted and undepleted mice for approximately 3 weeks.
However, the intraocular tumors disappeared by 4 weeks in
the untreated mice, in mice treated systemically (iv) either
with clodronate or PBS liposomes and in all the mice treated scj
and sc with PBS liposomes. In repeated experiments, most of
the mice treated with sc clodronate liposome injections in the
area of the tumor-draining lymph node rejected the tumor,
although some mice had progressive intraocular tumor growth
that was not significant compared with the untreated control
group (P � 0.02; P � 0.007, not significant after Bonferroni
correction). However, intraocular tumor rejection never oc-
curred in mice treated subconjunctivally with clodronate lipo-
somes compared with the untreated tumor-bearing mice (P �
0.007, significant after Bonferroni correction). Thus, local sub-
conjunctival depletion of phagocytic cells in the eye signifi-
cantly inhibited intraocular tumor clearance, and the mice died
as a consequence of progressive tumor growth.

In the repetitive experiments, it was noteworthy that
almost all tumor-bearing mice treated with local (scj or sc)
clodronate liposome injections showed a faster and more
aggressive intraocular tumor growth in the AC of the eye.
For example, 2 weeks after tumor injection more than 80%
of the AC was filled with tumor in scj clodronate liposome-
treated animals compared with only 30% to 45% tumor
filling in the AC of the eyes in mice treated with PBS
liposomes or nontreated mice. The results of a typical ex-
periment are shown in Figure 2.
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To find out whether timing of macrophage depletion make
a difference in tumor development, the starting point of sub-
conjunctival clodronate liposome injection was delayed until
days 8 and 14 after tumor inoculation. In these experiments,
the intraocular tumor vanished after several weeks, showing
that timing of macrophage and myeloid DC depletion matters.
Thus, the eradication process in which macrophages are in-
volved starts very early. In conclusion, these results indicate
that phagocytic cells are necessary for the CD4� T cell-depen-
dent rejection of Ad5E1 tumors.

F4/80 Immunoreactive Cells in Diminishing
Intraocular Tumors

It was important to determine the local depleting effect of
Cl2MDP on macrophages and myeloid DCs in tumor-bearing
mice. Accordingly, the tumor-bearing eyes were enucleated,

and the submandibular LNs were resected in untreated animals
and in mice locally or systemically treated with Cl2MDP or PBS
liposome injections. Tissue was examined for the presence of
macrophages by using the monoclonal antibody F4/80, a
marker present on the cell surface of most macrophages and
many myeloid DCs.18 Figure 3 shows that no F4/80� cells were
visible in the intraocular tumor of a mouse injected with
Cl2MDP liposomes subconjunctivally. In contrast, F4/80 immu-
noreactive cells were observed in the deteriorating tumor of a
nontreated animal. In fact, at any time point, F4/80� cells were
detected in the intraocular tumors of mice either treated sc or
iv with clodronate liposomes, as in the tumors of mice treated
scj, sc, or iv with PBS liposomes. Moreover, harvested subman-
dibular LNs showed F4/80-immunoreactive cells in all groups,
even in the mice treated with scj Cl2MDP liposomes (data not
shown). Thus, subconjunctival Cl2MDP liposome injections

FIGURE 1. Progressive intraocular
tumor growth in mice locally de-
pleted of macrophages. Macro-
phages were depleted scj and sc in
the region of the tumor-DLN or iv
with clodronate liposomes 2, 8, and
14 days after tumor inoculation. Con-
trol C57BL/6 mice received PBS lipo-
somes scj, sc, or iv (data not shown)
at similar time points after tumor
injection or were untreated. Only
mice treated with scj injections of
clodronate liposomes did not reject
their intraocular tumors, which is
statistically significant compared
with the untreated tumor-bearing
mice (P � 0.007 after Bonferroni
correction). This experiment was
performed two more times, with
similar results.

FIGURE 2. Faster and more aggres-
sive intraocular tumor growth in
mice locally injected with clodro-
nate liposomes. Mice received 2, 8,
and 14 days after tumor inoculation
either scj and sc in the region of the
tumor-DLN, or iv (group 4, not
shown) injections with clodronate
liposomes. Control mice received
PBS liposomes scj, sc, or iv (group
7, not shown) at similar time points
after tumor injection or were un-
treated. Both groups 2 and 3
treated with scj or sc clodronate
liposome injections, respectively,
showed faster and more aggressive
tumor growth. This experiment was
performed two more times, with
similar results.
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suppressed macrophages and/or myeloid DCs in the tumor-
bearing eye resulting in very few, if any, F4/80� cells at each
time point examined. In addition, the macrophage or myeloid
DC content was not affected in the submandibular LN, the
tumor-DLNs.21 In conclusion, the absence of or presence of
very few F4/80� cells detected in mice treated with subcon-
junctival Cl2MDP injections correlated strongly with the ob-
served progressive intraocular tumor growth.

Maintaining Tumor Ag Presentation in Local
Draining Lymph Nodes after sc Macrophage
Depletion with Clodronate Liposomes

Both macrophages, myeloid DCs and macrophage precursors
can be depleted by clodronate liposomes.22 These cells, but
especially DCs, are able to present (tumor) Ags to T cells in
secondary lymph tissues.23 Even though F4/80� cells were
observed in the submandibular LN of all treated groups, we set
out to determine whether treatment with clodronate lipo-
somes affect Ag presentation and/or T-cell priming in the

tumor-draining submandibular LNs.21 We studied whether tu-
mor-specific Ags (E1A-epitope) were still presented in the tu-
mor-DLNs in mice treated locally with clodronate liposomes
either sc or scj compared with nontreated animals. Figure 4
shows that intraocular tumor-specific E1A reached the tumor-
DLNs in all groups, resulting in clonal tumor-specific CD8�

T-cell expansion. Subcutaneous injection of clodronate lipo-
somes affected presentation of tumor-derived Ag in the DLNs,
since division of tumor-specific CD8� T cells was reduced
compared with that in the control group. In contrast, no such
effect was observed after scj clodronate injection. In conclu-
sion, subconjunctival clodronate injection led to progressive
intraocular tumor growth in tumor-bearing hosts but did not
reduce tumor Ag presentation to tumor-specific CD8� T cells
in the local tumor-draining submandibular LNs.

DISCUSSION

The present study was designed to investigate whether phago-
cytic cells, especially macrophages, play a role in nonphthisis
intraocular tumor eradication. The results presented in this
work identify a principal role for local macrophages in ocular
antitumor immunity. By injecting Cl2MDP liposomes sc, which
leads to local depletion of macrophages in the tumor-bearing
eye, we showed that local macrophages are vital in the rejec-
tion phase of intraocular tumors. Previous work has already
shown that CD4� T cells are crucial in the eradication of these
intraocular tumors. Another study showed that this nonphthi-
sis intraocular tumor rejection is dependent on IFN� and ap-
pears to be mediated by TRAIL.11 It is peculiar that CD4� T
cells are crucial in this nondestructive intraocular tumor erad-
ication process, as tumor-specific CTLs are mostly associated
with this clean form of tumor elimination without collateral
damage in contrast to intraocular tumor-directed CD4� T cells,
which are in general associated with massive destruction of the
eye.9

These results make it conceivable that the effective antitu-
mor response involves communication between tumor-reac-
tive CD4� T cells and MHC class II–positive host cells, possibly
DCs and macrophages, that cross present tumor Ags with the
CD4� T cells. It is unlikely that CD4� T cells recognize intraoc-
ular Ad5E1-expressing tumor cells directly, as these cells are
MHC class II negative. Furthermore, the data presented in this
study show that protection against tumor challenge was
strongly associated with the presence of macrophages in the
dissolving AC tumor of the eye. However, this does not dem-
onstrate direct tumor cell killing by CD4� T cell-activated
innate macrophages in vivo. In addition, the release of cell
death-inducing molecules, such as oxygen radicals, by CD4� T
cell-activated macrophages is likely to result in phthisis, as
these molecules cannot discriminate between tumor and nor-
mal ocular tissues, as described for many CD4� T-cell-mediated
intraocular DTH reactions.

Because we did not observe damage of normal ocular tis-
sues after tumor clearance, we consider it more likely that
tumor eradication does not rely on cytolytic molecules that act
directly on tumor cells. An attractive hypothesis is that tumor-
reactive CD4� T cells either directly or indirectly inhibit tumor-
induced angiogenesis, a process in which macrophages also
participate.24 In this way, formation of new tissues that still
rely on the development of blood vessels will be prevented,
whereas the pre-existing tissues will not be affected. It has
been described that production of IFN� by tumor-reactive
CD4� T cells is an essential requirement for CD4� T-cell-
mediated tumor immunity, resulting in inhibition of tumor-
induced angiogenesis in developing tumors leading to tumor
clearance.25

FIGURE 3. Regressing intraocular tumor contained F4/80� immunore-
active cells in contrast to eye tumor locally depleted of macrophages
by clodronate liposomes. Tumor-bearing eyes of treated and untreated
mice were enucleated at several time points and stained with HE and
rat anti-mouse macrophage mAb F4/80. The HE-stained tumor-contain-
ing eye of a mouse treated scj with Cl2MDP liposomes (A) did not show
any signs of regression 21 days after tumor injection and did not
contain any F4/80� cells (C). The HE-stained AC tumor of an untreated
mouse (B) was almost eliminated after 21 days and contained F4/80�

cells (D). Control sections were incubated with isotype-matched pri-
mary Ab (E, F).
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Indeed, Ad5E1 intraocular tumor growth was unham-
pered in IFN� KO mice.11 IFN� can either be produced by
tumor-specific CD4� T cells or macrophages.13,26 However,
IFN� does not directly induce Ad5E-tumor cell death in
vitro, which makes it conceivable that IFN� acts in vivo
through an indirect pathway. For example, IFN� may re-
strain tumor-induced angiogenesis.25,27 Another possibility
may be that IFN� provokes TRAIL–TRAIL-R2 interactions as
previously suggested by us and others.11,28 TRAIL is ex-
pressed on the surface of activated CD4� T cells and ocular
cells6 whereas TRAIL-R2 is detected on Ad5E1 tumor
cells.11,29 IFN� enhances TRAIL expression on ocular cells
and CD4� T cells followed by increased susceptibility of
tumor cells to TRAIL-induced apoptosis in vitro.11 In light of
the present study, it may be that macrophages are also
induced to express TRAIL30,31 and act as supplementary
effector cells for inducing intraocular tumor cell apoptosis.

This intraocular tumor model is illustrative of the fact that
ocular immune privilege is not absolute or undefeatable. Most
tumors, especially in other more “conventional” body parts,
create their own immunosuppressive environment.32 Under-
standing the mechanism behind the circumvented ocular im-
mune privilege in this tumor model may take us nearer to
finding new tools for developing effective immune interven-
tion strategies against cancer in general. In conclusion, our
results identify a crucial role of F4/80� cells in the eradication
of intraocular tumors devoid of detectable bystander-damage to
neighboring cells, yet the precise interaction between macro-
phages, IFN�, and CD4� T cells in this intraocular tumor-
eradication model needs to be defined in more detail.
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