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Abstract
Human primary intraocular lymphoma (PIOL) is predominantly a B cell–originated malignant
disease with no appropriate animal models and effective therapies available. This study aimed to
establish a mouse model to closely mimic human B-cell PIOL and to test the therapeutic potential
of a recently developed immunotoxin targeting human B-cell lymphomas. Human B-cell lymphoma
cells were intravitreally injected into severe combined immunodeficient mice. The resemblance of
this tumor model to human PIOL was examined by fundoscopy, histopathology,
immunohistochemistry, and evaluated for molecular markers. The therapeutic effectiveness of
immunotoxin HA22 was tested by injecting the drug intravitreally. Results showed that the murine
model resembles human PIOL closely. Pathologic examination revealed that the tumor cells initially
colonized on the retinal surface, followed by infiltrating through the retinal layers, expanding
preferentially in the subretinal space, and eventually penetrating through the retinal pigment
epithelium into the choroid. Several putative molecular markers for human PIOL were expressed in
vivo in this model. Tumor metastasis into the central nervous system was also observed. A single
intravitreal injection of immunotoxin HA22 after the establishment of the PIOL resulted in complete
regression of the tumor. This is the first report of a murine model that closely mimics human B-cell
PIOL. This model may be a valuable tool in understanding the molecular pathogenesis of human
PIOL and for the evaluation of new therapeutic approaches. The results of B cell–specific
immunotoxin therapy may have clinical implications in treating human PIOL.

Introduction
Primary intraocular lymphoma (PIOL) is considered a subset of primary CNS (central nervous
system) lymphoma (PCNSL) and often masquerades as uveitis. Although relatively less
common than other forms of lymphoma, there has been a steady increase of PCNSL over the
last two decades (1) despite some recent data suggesting that the annual incidence may be
stabilizing (2). It has been estimated that the incidence of PCNSL has risen from 0.04 of 100,000
to 0.3 of 100,000 (1,3) in the immunocompetent population, and accounts for 2.7% of primary
brain tumors (4). In persons with AIDS, there is a greatly increased risk (3,600-fold higher) of
developing PCNSL compared with the general population (3).
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Although it can be T cell in origin, PIOL is predominantly a non–Hodgkin lymphoma of B-
cell origin (5). Although initially presenting intraocularly, it has been reported that 60% to 85%
of patients with PIOL will develop CNS lymphoma (6–8) and 15% to 25% of PCNSL patients
will have ocular involvement at the time of diagnosis (9–11). In addition to the histopathlogical
diagnosis, other indices that may be suitable for supporting a clinical diagnosis of PIOL include
the absolute level of vitreous interleukin (IL)-10, or the vitreous IL-10 to IL-6 ratio, and the
rearrangement of IgH genes in the tumor cells (12,13). However, the molecular pathogenesis
of PIOL is still poorly understood, partially due to the lack of a suitable model. In addition,
effective therapies for this disease are wanting. A recent report on a mouse intraocular
lymphoma model is promising; however, it is a murine T-cell PIOL (14).

Recombinant immunotoxin therapy is an emerging and novel immunotherapeutic approach
(15). Immunotoxins are recombinant proteins that combine cytotoxicity of an exotoxin, usually
a microbial exotoxin, with the specificity of a monoclonal antibody to ensure target-specific
killing. One immunotoxin that specifically targets B-cell lymphoma is immunotoxin RFB4
(dsFv)-PE38 (BL22; ref. 16). BL22 is a hybrid protein that contains a binding domain from a
monoclonal antibody that specifically recognizes the B cell–specific surface marker CD22,
which is covalently linked to a portion of Pseudomonas exotoxin A. After specifically binding
to B cells that express CD22, the exotoxin (Pseudomonas exotoxin) is internalized,
translocated, ADP-ribosylated, and eventually causes cell death. BL22 has been used in clinical
trial for chemotherapy-resistant, hairy-cell leukemia, and shows great potential (17).
Immunotoxin HA22 is a mutated form (R409A) of BL22 with increased antitumor activity
without an increase in animal toxicity (18).

In this study, we established a murine model resembling primary human B-cell intraocular
lymphoma and used the immunotoxin HA22 to treat the intraocular lymphoma. The new
murine intraocular lymphoma model using a human B-cell lymphoma cell line closely mimics
human PIOL. A single intravitreous injection of HA22 in the eye with lymphoma resulted in
complete regression of the tumor.

Materials and Methods
Cell culture and reagents

A human B lymphoma cell line (CA46) from American Type Culture Collection (Mannasas,
VA) was cultured and maintained in culture medium [RPMI 1640 with 10% fetal bovine serum,
1× nonessential amino acids, 1× antibiotics (penicillin and streptomycin), and 2 mmol/L
glutamine] at 37°C in 5% CO2. Cell density was maintained between 4 × 105/mL and 6 ×
105/mL. Recombinant immunotoxin HA22 was expressed and purified as described earlier
(18). A nonspecific immunotoxin (erb-38) that does not bind human normal as well as
malignant B cells as a control immunotoxin was also expressed and purified as described earlier
(19,20).

Animals, intravitreous injection, and fundoscopic examination
Severe combined immune deficiency (SCID) mice and their wild types were purchased from
The Jackson Laboratory (Bar Harbor, ME). All of the experimental procedures were approved
by the Animal Care and User Committee of National Eye Institute of NIH, according to the
USPHS Policy on Humane Care and Use of Laboratory Animals. Before intravitreous injection,
cultured tumor cells were spun down and washed once with washing buffer [PBS, 0.2% bovine
serum albumin (BSA)]. Cells were then resuspended in PBS (pH 7.3) at various concentrations
and kept at room temperature before injection. For the intravitreous injection, animals were
anesthetized for restraint with an i.p. injection of ketamine hydrochloride (35-50 mg/kg) and
xylazine hydrochloride (5-10 mg/kg). By using a 33-gauge needle, both eyes were injected
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with 2μL per eye per injection of PBS (pH 7.3) with or without either tumor cells for
establishing intraocular lymphoma or immunotoxin for therapy. Animals were anaesthetized
as described above plus topical application of 0.5% proparacaine. Pupils were then dilated with
1% tropicamide (Alcon Laboratories, Inc., TX) and the fundus was viewed and examined using
a dissecting microscope with fiberoptic translumination.

Flow cytometry analysis
Phycoerythrin-conjugated monoclonal antibodies against CD22, CXCR4, and CXCR5 were
all from BD Biosciences (San Jose, CA). For flow cytometry phenotyping of surface markers,
cells were suspended at 1 × 106 per tube in staining/washing buffer (PBS with 0.5% BSA) and
incubated with specific conjugated monoclonal antibodies at room temperature for 15 minutes.
For intracellular IL-10 level measurements, CA46 cells were cultured as described above. After
blocking with GolgiPlug (BD Biosciences) for 10 to 12 hours, cells were permeabilized using
the Perm & Mix staining kit (Caltag, San Jose, CA) according to the instruction of the
manufacturer and stained with human IL-10–specific antibody (Caltag) for 30 minutes. After
washing with washing buffer, cells were fixed in 1% paraformaldehyde and acquired by a
FACSCalibur flow cytometer (BD Bioscience). Data were analyzed using the FlowJo software
(TreeStar, San Jose, CA)

Histology and immunohistochemical staining
Animal tissues were collected after euthanization at specified time points. They were fixed
immediately in 4% glutaraldehyde, then transferred into 10% formalin for routine histology
(H&E staining). Otherwise, freshly isolated tissues from euthanized animals were embedded
in optimal cutting temperature compound (Miles Laboratory, Naperville, IL), snap-frozen on
dry ice, and stored at –70°C for further examination.

For immunohistochemical staining, frozen tissue sections were cut through the pupil-optic
nerve axis at 6 to 8 μm and placed on coated slides (Superfrost/Plus; Fisher Scientific, Fair
Lawn, NJ). Frozen sections or cytologic slides of cultured cells were fixed in 4%
paraformaldehyde for 7 minutes and treated with 10% animal serum at room temperature for
30 minutes to block nonspecific binding. The cells were incubated with phycoerythrin-labeled
specific antibodies at desired concentrations for 1 hour at room temperature and counterstained
with 4´,6-diamidino-2-phenylindole (DAPI). The specific binding of antibodies was analyzed
using either a fluorescence microscope (Olympus, Melville, NY) or a laser scanning confocal
microscope (model SP2; Leica, Microsystems, Exton, PA) equipped with Nomarski optics.
Immunolabeled and negative control sections were imaged under identical scanning
conditions.

Microdissection and quantitative real-time PCR
Tumor cells were manually microdissected from the stained frozen slides of eye or cytologic
slides of cultured cells based on histologic and morphologic characteristics. Total RNAs from
microdissected cells were extracted using a PicoPure RNA isolation kit (Acturus, Mountain
View, CA) according to the instruction of the manufacturer. Each RNA sample was split evenly
into two portions for real-time PCR to detect either IL-10 or CXCR4, and β-actin.
Amplification of β-actin mRNA served as RNA loading control. A mouse universal RNA (BD
Biosciences) was used as a normal control for quantitative assay of gene expression. Specific
amplification for mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was done to
rule out potential contamination of mouse cells in microdissected human B lymphoma cells
from eye tissues. The Superscript II RNase H– Reverse Transcriptase kit (Invitrogen-Life
Technologies, Grand Island, NY) with random hexamers (Promega, Madison, WI) was used
for cDNA synthesis. Real-time PCR was done using a Stratagene Mx3000 Real-time PCR
System and Brilliant SYBR Green QPCR Master Mix (Stratagene, La Jolla, CA). The primers
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for IL-10 and CXCR4 were synthesized by Superarray Corp. (Frederick, MD) and supplied as
RT-PCR primer sets (Superarray Corp.). β-Actin as an internal control was amplified using
primers 5´-CCCAGCACAATGAAGATCAA-3´ and 5´-ACATCTGCTGGAAGGTGGAC-3
´. Reactions were done in a final volume of 50 μL with 2 μL of cDNA. The real-time PCR
cycling conditions were as follows: 95°C for 10 minutes, followed by 45 cycles for 30 seconds
at 95°C, 60 seconds at 55°C, and 30 seconds at 72°C followed by fluorescence measurement.
Following PCR, a thermal melt profile was done for amplicon identification. To determine the
value of threshold cycle (  C T), the threshold level of fluorescence was set manually in the
early phase of the PCR amplification. The relative gene expression of tumor cell RNA
compared with mouse universal RNA was presented as arbitrary units of the ratio of the CT of
the gene of interest over the  C T of β-actin gene.

Results
Human B lymphoma cell line CA46 expresses molecular markers for human PIOL

We first examined the phenotypic characteristics of B-cell lymphoma cell line (CA46) used in
the establishment of our murine PIOL, including several molecular markers such as CXCR4,
CXCR5, IL-10, and CD22. The expression of surface CD22 is essential for the application of
immunotoxin (HA22) therapy. CXCR4, CXCR5, and IL-10 are thought to play an important
role for the pathogenesis of PIOL (12,13). The surface expression of CD22, CXCR4, CXCR5,
and the intracellular IL-10 expression were examined by flow cytometry. As shown in Fig.
1A, all CA46 cells express CD22 as well as CXCR4 and CXCR5. They also constitutively
produce the B-cell growth factor/anti-inflammatory cytokine IL-10, which is thought to be an
important pathogenic factor and is of diagnostic importance for human PIOL. The expression
of the B-cell growth factor/anti-inflammatory cytokine IL-10 and the chemokine receptor
CXCR4 was also confirmed by quantitative real-time PCR (Fig. 1B).

Intravitreous injection of CA46 cells induces intraocular lymphoma
After confirming the phenotypic characteristics of CA46 cells, we investigated the possibility
of inducing intraocular lymphoma in mice by intravitreally injecting the CA46 cell line.
Different numbers of CA46 cells (ranging from 6,000 cells per eye per injection up to 200,000
cells per eye per injection) were intravitreally injected into either SCID mice or their wild-type
background mice (either BALB/c or C57BL/6 background). Animals were monitored either
clinically or by fundoscopic examination. Animals were sacrificed at different time intervals
from as early as 7 days up to 5 weeks. Enucleated eyes and other tissue samples, including
brains, lungs, spleens, and livers, were examined macroscopically and microscopically. There
was no intraocular tumor development in any of the wild-type mice (data not shown), whereas
SCID mice showed evidence of tumor establishment starting as early as day 10. Figure
2Aillustrates an eye at day 10 after an intravitreous injection of 20,000 lymphoma cells. There
were numerous tumor cells in the vitreous cavity but there was apparent colonization and
invasion of tumor cells into the retina (arrows), suggesting establishment of the tumor. When
more tumor cells were injected and eyes were examined at a later time, the intraocular
lymphoma was more fully developed. As shown in Fig. 2B, for animals receiving an
intravitreous injection of 20,000 tumor cells per eye and examined on day 21, tumor cells
invaded into the retina and caused massive retinal damage.

The severity of the mouse B-cell intraocular lymphoma depends on both the time after
intravitreous injection and the number of tumor cells originally injected. Table 1 summarizes
the information regarding time and cell numbers for intravitreous injections that were essential
for establishing intraocular lymphoma when using CA46 cells and SCID mice as a model.
These data were compiled from more than six independent animal studies. Our experience
showed that with a minimum of 20,000 tumor cells injected intravitreally into SCID mice,
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100% of the mice would develop clinically apparent intraocular lymphoma starting as early as
on day 10. The tumor would continuously grow and invade the retina as well as the choroid.

The murine B-cell intraocular lymphoma model mimics human PIOL
The ocular histology of CA46 cells induced murine intraocular lymphoma revealed that the
tumor cells could further infiltrate into retina after initial colonization and invasion.
Interestingly, we observed that the tumor cells seemed to preferentially penetrate and expand
in the subretinal space, or known as SRS (Fig. 2B, b, c). In human PIOL, this is considered
one of the hallmarks of human PIOL clinically and histopathologically (13). Because 60% to
80% of human PIOL will eventually develop CNS lymphoma (6–8), we examined the
involvement of CNS and other nonocular tissues (liver, lungs, kidney, bones, etc.) at different
stages of tumor development in this murine B-cell lymphoma model. Only the brain tissues
revealed metastasis of the tumor cells at late stage. As shown in Fig. 2C, numerous lymphoma
cells invaded the brain 35 days after tumor injection (200,000 cells per injection). The tumor
cells (arrows) accumulated around the brain meninges and parenchyma, and were mixed with
a few inflammatory cells.

The murine model may be used to study molecular pathogenesis of human PIOL
As described earlier, the human CA46 lymphoma cells resemble human primary intraocular
B lymphoma cells in that they all express CD22, CXCR4, and CXCR5 and secrete cytokine
IL-10. We further investigated the molecular and histopathologic resemblance of CA46
lymphoma–induced murine intraocular lymphoma to human PIOL in vivo. First, we examined
whether the above molecules were still expressed in vivo after intravitreous injection and
colonization/invasion into the retina. By using a combination of microdissection and real-time
PCR analysis, we were able to detect molecular markers for human PIOL directly from tumor
cells that colonized on and/or infiltrated into retinal tissues. As shown in Fig. 3A(top), real-
time PCR analysis showed that the tumor cells expressed IL-10 typically seen in human PIOL
in vivo. The production of IL-10 by the tumor cells infiltrated into the retina was ̃ 60-fold higher
than that of the background level of IL-10 production. Another representative molecular
marker, chemokine receptor CXCR4, was also expressed in vivo (bottom). There was no
detection of mouse GAPDH from the microdissected tumor cells (data not shown) using the
real-time PCR strategy, ruling out potential contamination of mouse tissues in the
microdissected human tumor cells.

To further investigate the expression profiles of the molecular markers for the murine PIOL
model in vivo,an immunohistochem-ical study was done. As shown in Fig. 3B, the tumor cells
expressed surface CD22, CXCR4, and CXCR5 in vivo (red for positive staining). More
intriguingly, a comparative analysis of immunohistologic staining for chemokine receptors
CXCR4 and CXCR5 showed that (a) the expression of CXCR5 on tumor cells in vivo was
higher than that of CXCR4 in vivo (comparing Fig. 3B, middle and bottom right); (b) but the
CXCR5 expression on in vitro cultured CA46 cells was lower than that of CXCR4 (comparing
Fig. 3B, middle and bottom left); and (c) flow cytometry data on in vitro cultured CA46 cells
(Fig. 1A, middle) also showed that the expression level of CXCR5 was lower than that of
CXCR4. An isotype control antibody was used to stain tissues and showed no specific staining
(data not shown). Taken together, these data suggest that there was an up-regulation of CXCR5
in vivo in this murine PIOL model. Overlay pictures showing both DAPI staining (blue-colored
for nuclei) and the antibodies staining (red-colored for CD22, or CXCR4 or CXCR5) can be
seen in Supplementary Fig. S1.
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A single dose injection of HA22 resulted in complete regression of the CA46 cell–induced
intraocular lymphoma coupled with minimum retinal cytotoxicity

After establishing the B-cell lymphoma murine model for human PIOL, we tested the potential
application of an immunotoxin (HA22) in treating intraocular lymphoma. Because
immunotoxin HA22 specifically targets the surface molecule CD22, we first examined if there
is a background expression of CD22 in human and mouse ocular tissues. No CD22 expression
in either human or mouse ocular tissues were observed by immunohistochemical staining (data
not shown). As described above, we showed that tumor cells colonized and invaded the retina
10 days after tumor injection. To mimic a clinical scenario, we started immunotoxin (HA22)
therapy on day 12 after tumor injection (20,000 per injection). Various doses of HA22 (ranging
from 2 to 2,000 ng per eye per injection) were intravitreally injected on 12th day postinjection
of the CA46 tumor cells. Figure 4 shows a representative experiment in which the nontreated
mouse eye developed full-blown intraocular lymphoma on day 21 (Fig. 4A), whereas mice
treated with intravitreous injection of HA22 at 200 ng/eye had complete tumor regression (Fig.
4B). The cells shown in the vitreous were all inflammatory cells. More strikingly, there were
minimal histologic changes to the retinal tissue after the HA22 injection at the effective dose
(200 ng/eye/injection) for treating B-cell lymphoma. The retina remained intact under effective
therapy (200 ng/eye/injection) of HA22 (Fig. 4B, bottom). However, at a much higher
concentration (2000 ng/eye/injection) of HA22, retinal degeneration, gliosis, and atrophy were
observed. As shown in Fig. 4C, an intravitreous injection of HA22 at 2,000 ng/eye achieved
complete tumor regression (compare Fig. 4Cwith A) but it seemed to induce retinal damage in
some animals (compare Fig. 4Cwith B). Table 2 summarizes data from three independent dose-
dependent experiments for HA22 in treating this murine intraocular lymphoma. To rule out
the possibility of killing of the tumor cells due to nonspecific cytotoxicity, another
immunotoxin targeting a proto-oncogen product, which is not expressed on normal or
malignant B cells, erb-38 (19,20), was used to treat tumor in this model. There was no
therapeutic effect of this control immunotoxin (see Supplementary Fig. S2), demonstrating a
B cell–specific therapeutic effect of HA22.

Discussion
A general trend toward an increasing incidence of PCNSL has been noted over the last two
decades (1,21). PIOL, as a subset of PCNSL, has drawn more attention clinically (22–24). One
of the great challenges for clinicians is that PIOL patients may not present with typical clinical
manifestations, making it difficult to diagnose (25–27). PIOL simulates other ocular
inflammatory clinical conditions and is hence called a ‘‘masquerade syndrome.’’ Patients with
PIOL are often diagnosed as being a ‘‘corticosteroid-resistant idiopathic uveitis,’’ causing a
delay in final diagnosis. A lack of understanding of the pathogenesis of PIOL has been
recognized recently. Currently, no cell line derived from a human PIOL sample is available
nor is there any animal model for intraocular human B-cell lymphoma. A mouse intraocular T
lymphoma model, mimicking human PIOL, has recently been developed (14). The main
concern of that murine model is the origin of the lymphoma cells being T cells, whereas the
majority (98%) of human PIOL is of B-cell origin. Thus, establishing a murine intraocular
lymphoma model of human B-cell origin for studying human PIOL has clinical significance.
In this study, we sought to establish a murine intraocular lymphoma model by using human
B-cell lymphoma cells. We reasoned that (a) a murine model that develops intraocular
lymphoma with human B cell would mimic human PIOL more closely than the T cell would
and (b) this model can be used directly for testing novel therapies that may have a direct clinical
effect for the treatment of human PIOL.

By intravitreally injecting human B-cell lymphoma cells into SCID mice, we established a
murine intraocular lymphoma model that closely mimics human B-cell PIOL. Our results show
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that this model is highly reproducible and feasible. After a single injection of 20,000 cells per
eye intravitreally, all the mouse eyes develop intraocular lymphoma. Moreover, fewer cells,
as low as several thousand cells (Table 1), are sufficient to induce intraocular lymphoma in
this model. Although relatively little is known about the molecular pathogenesis of human
PIOL, several molecules have been implicated as pathogenesis factors. IL-10 has been
suggested to play key role in the pathogenesis of human PIOL (13,28). PIOL cells produce
high levels of IL-10, a B-cell growth factor, and anti-inflammatory cytokine. Patients with
PIOL usually have a high concentration of IL-10 in the vitreous (28). The elevated level of
IL-10 or a high IL-10/IL-6 ratio in the vitreous has been accepted as one of the indices for
assisting the clinical diagnosis of PIOL (12,13,28,29). In addition, CXCR4 and CXCR5, the
B-cell chemokine receptors, have also been suggested as potential pathogenesis factors (12,
13). We examined the expression levels of IL-10, CXCR4, and CXCR5 on the tumor cell line
(CA46) that was used for establishing this mouse model. CA46 cells were shown to express
all of the above potential pathogenesis factors. The CA46 cells also express CD22 on their
surface, which is the molecular target for immunotoxin HA22 (Fig. 1). We then investigated
the in vivo expression profile of the above molecules in an established tumor in this mouse
model. Using both real-time PCR and immunohis-tochemical staining, we found that IL-10,
CXCR4, CXCR5, and CD22 were all expressed by the tumor cells in vivo (Fig. 3). More
interestingly, chemokine receptor CXCR5 seemed differentially regulated when the in vitro
and in vivo expression profiles were compared. Although in vitro cultured tumor cells express
more CXCR4 on their surface than CXCR5 (Fig. 1A, middle, and Fig. 3B,middle and bottom
left), immunohistochemical staining indicated that the tumor cells expressed more CXCR5
than CXCR4 in vivo (Fig. 3B, middle and bottom right). These data suggested that CXCR5
was up-regulated in vivo in this mouse model. Although we do not understand the mechanism
and biological implications for this observation, there has also been no documentation
regarding the differential expression of CXCR4 and CXCR5 in vitro versus in vivo in human
PIOL. CXCR5 has been known to be involved in the regulation of trafficking of normal as
well as malignant B cells (30,31). Interestingly, CXCL13, the only known ligand for CXCR5,
is found on the surface of human retinal pigment epithelium cells, which is part of the
constituents of the SRS, and the brain tissues from PCNSL patients (32,33). Taken together,
these findings suggest that the CA46 lymphoma induced murine intraocular lymphoma model
resembles human PIOL in that the tumors in both systems shared similar expression profiles
of certain putative pathogenesis factors.

Histologically, the CA46 cell–induced murine intraocular lym-phoma model also resembles
human PIOL. One of the histopath-ologic characteristics of human PIOL is the localization of
tumor cells into the SRS around retinal pigment epithelium. In the CA46 cell–induced
intraocular lymphoma model, we observed a similarly preferential invasion and expansion of
tumor cells in the SRS (Figs. 2Band 4A). It may suggest a more ‘‘fitting niche’’ of that region
for tumor growth, or expression of certain chemoattractants as well as adhesion molecules and/
or chemokines in that region, or protection from host immune responses. Indeed, the SRS in
the retina has been shown a ‘‘immunoprivileged site’’ for tumors or allogeneic transplants
(34). We intend to investigate the mechanism(s) of this phenomenon and this mouse model
seems very applicable.

It has been estimated that 60% to 85% of human PIOL have CNS involvement. In this CA46
cell–induced murine intraocular lymphoma model, we observed metastasis of tumors into
mouse brain but no signs of metastasis was observed at other sites. It seemed that this metastasis
could be mediated through local infiltration, considering the proximity of eye and the direct
link via the optic nerves to the brain. In fact, we found it interesting that the B lymphoma cells
preferentially migrated into the optic nerve at early colonization stage (Fig. 2A).
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In addition to facilitating the investigation on the molecular pathogenesis of PIOL, another
main reason for us to establish this murine model was to use it for testing novel therapeutic
strategies for human PIOL. Clinically, effective therapies with more potent efficiency and less
cytotoxicity for treating PIOL as well as other PCNSL are being sought. The clinical treatment
of PIOL has been complicated by the blood-ocular barrier that limits access of therapeutic
drugs to the tumor residing under the retina. Currently, there is still debate whether isolated
PIOL should be treated locally alone or systemically in conjunction with a protocol that
presumes CNS involvement. Intraocular delivery of effective drugs may be an ideal option for
treating PIOL without apparent evidence for CNS involvement. Immunotoxin has been
developed and used as a novel strategy for treating leukemia and lymphoma (35). A recently
developed immunotoxin combining a monoclonal antibody against CD22 and a
Pseudomonas exotoxin (BL22) has been successfully used in a phase I clinical trial for treating
hairy cell leukemia, achieving satisfactory therapeutic effects (17). Because PIOL is
predominantly of B-cell origin and many tumors express surface CD22, an immunotoxin
strategy against CD22 would be of great interest. HA22 is a mutated form of BL22 with 5- to
10-fold higher cytotoxicity on CD22-positive cells and has been shown to be up to 50 times
more effective in killing tumor cells from patients with chronic lymphocytic leukemia and
hairy cell leukemia (18). Besides B cells migrating into the ocular tissue, there are no known
CD22-positive molecules expressed in the eye, in both human and mouse (data not shown).
Therefore, HA22 constitutes an excellent investigative candidate drug for treating human
PIOL. After establishing this murine model for human intraocular lymphoma, we investigated
the potential of HA22 in treating intraocular lymphoma. To our satisfaction, a single dose
injection of HA intravitreally resulted in complete tumor regression. Because the intravitreous
injection of HA22 was delayed until tumor cells started to colonize and infiltrate into retina
tissues, the therapeutic effect of HA22 seems to be very effective and clinically applicable. In
addition, HA22 caused minimal cytotoxicity to normal ocular tissues when administered at its
effective dosage range, e.g., 200 ng/ eye/injection (Fig. 4B). Only at doses 10 times higher than
its effective dose was there a cytotoxic effect of HA22 to retinal tissues in some of the treated
animals (Fig. 4C).

In summary, we have established a murine intraocular B-cell lymphoma model that closely
mimics human B-cell PIOL. The newly established murine intraocular B-cell lymphoma model
may provide a valuable tool for investigating molecular mechanisms of human PIOL. In
addition, by using immunotoxin HA22 as a therapeutic approach, we showed that immunotoxin
HA22 is a potentially potent therapy for treating intraocular B-cell lymphoma with minimal
cytotoxicity to the normal retinal tissues at therapeutic dosage. The murine model may also
serve as a useful tool for evaluating new novel therapeutic drugs.
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Figure 1.
Human B-cell lymphoma cell line CA46 expresses CD22, CXCR4, CXCR5, and IL-10. CA46
cells were cultured and maintained in vitro as described in Materials and Methods. A, cultured
cells were analyzed for surface expression of CD22 (top), CXCR4 and CXCR5 (middle), or
intracellular staining for IL-10 (bottom) by flow cytometry. X axis, relative fluorescence
intensity (expression level). Y-axis, relative cell numbers. B, total RNA was isolated from
cultured cells and mRNA levels of IL-10 and CXCR4 were measured by a quantitative real-
time PCR as described. The levels of mRNA were expressed as the fold increase of that
measured in RNA isolated from CA46 cells over that of the control RNA (mouse universal
RNA). The calculation of the fold increase was detailed in Materials and Methods.
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Figure 2.
Histopathology of murine intraocular B lymphoma. Cultured CA46 cells were intravitreally
injected into SCID mice at different doses. Eye tissues were collected at various time points
postinjection, sectioned, and stained for H&E. A, typical early phase (day 10 postintravitreous
injection of 20,000 CA46 cells per eye) histopathology of the mouse intraocular lymphoma.
Note the tumor cells in the vitreous beginning to colonize, invading into the retina and optic
nerve head (i, arrows). Most of the retinal tissue remains intact. ii and iii, the same picture at
higher magnifications. L, lens; V, vitreous; R, retina; ON, optic nerve. B, late-phase (day 21
postintravitreous injection of 20,000 CA46 cells per eye) histopathology of the mouse
intraocular lymphoma. a, tumor cells infiltrating the retinal layers causing massive tissue
damage. b and c, magnified views of the retina showing the preferential expansion of tumor
cells (arrows) into the subretinal space (SRS). Note that the tumor cells invading the retina lie
between the retinal photoreceptors and retinal pigment epithelium (RPE; b). d, tumor
colonization and invasion in the optic nerve head. Arrows, tumor cells. C, metastasis of tumor
cells into CNS. CA46 cells (200,000 per eye per injection) were inoculated into the eyes of
SCID mice. Brain tissues were collected on day 35 and processed for histopathology. The
tumor cells (arrows) invaded into brain tissues, accumulated around the meningeal and
parenchymal brain, and were mixed with a few inflammatory cells.
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Figure 3.
Molecular mimicry of mouse intraocular B-cell lymphoma model to human PIOL. CA46 cells
were intravitreally injected into SCID mice (20,000 per eye per injection), animals were
sacrificed on day 21 postinjection, and eyes were collected and snap-frozen on dry ice. The
frozen eye tissues were sectioned and stained for tumor cells. The tumor cells were
microdissected out from the eye section, total RNA was isolated, and real-time PCR was done
as described in Materials and Methods. A, in vivo expression of both IL-10 (top) and CXCR4
(bottom) in the tumor cells. B, immunohistochemistry shows in vivo expression of CD22,
CXCR4, and CXCR5 on the tumor cells. Left, expression levels of CD22, CXCR4, and CXCR5
in the in vitro cultured tumor cells. Right, in vivo expression levels in the mouse tissue after
injection on day 21 (red, positive staining). All molecular markers are expressed in vivo and
the expression of CXCR5 seems to be up-regulated in vivo (see Results and Discussion for
details). Overlay pictures showing both DAPI staining (blue, nuclei) and the antibody staining
(red, CD22, or CXCR4 or CXCR5) can be seen in Supplementary Fig. S1.
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Figure 4.
Therapeutic effect of intravitreous injection of an immunotoxin targeting on surface CD22.
Murine intraocular B-cell lymphoma was induced (20,000 tumor cells per injection per eye)
and treated with either control vehicle [PBS (pH 7.3)] or immunotoxin HA22 at various dosages
on day 12 posttumor injection as described in the text; eye tissues were collected on day 21
and processed for histopathology.A, histopathology of ocular tissue in mice treated with control
vehicle [PBS (pH 7.3)]. There is widespread colonization and invasion of tumor cells
(arrows) and massive retina damage.B, mice treated with HA22 at 200 ng/eye/injection. There
was no tumor colonization and invasion into the retina tissue but only inflammatory cells,
suggesting a clearing process of tumors by the immunotoxin. Note also that there is no visible
retinal damage by therapy (bottom).C, two representative animals treated with higher dose of
HA22 (2,000 ng/mL). Again, no tumor was observed after immunotoxin treatment.Top,
representative of some of the mice that had substantial retinal damage after high-dose HA22
treatment;bottom, some of the mice that showed relative milder retinal damage. There was no
therapeutic effect when a control immunotoxin, erb-38, was used (see Supplementary Fig. S2).
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Table 1
Time course of tumor development

Time (d)* Colonization Invasion Tissue damage Metastasis

<10 – – – –
10 + +/ – – –
15 + + + –
>21 + + + +

Dose dependence of intravitreous inoculation for tumor development

Cell number† Colonization Invasion Tissue damage Metastasis

<6,000 – – – –
6,000-20,000 + +/ – +/ – –
>20,000 + + + +

NOTE: Data are collection of six independent experiments.

*
Time after tumor injection.

†
Total cell numbers per eye per intravitreous injection.
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Table 2
Dose response of HA22 in the treatment of intraocular lymphoma

HA22 (ng/eye) Animals Tumor development Ocular tissue damage

0 1 + –
2 + –
3 + –
4 + –
5 + –

2 1 + –
2 + –
3 + –
4 + –
5 + –

20 1 + –
2 + –
3 + –
4 + –
5 + –

200 1 – –
2 – –
3 – –
4 – –
5 – –

2,000 1 – +/ –
2 – +
3 – +
4 – +/ –
5 – +

NOTE: Data are representative of three independent experiments.
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