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Abstract Currently there is no adequate experimentkey words Metastasis - CNS lymphoma - Ocular

model available whereby the lethal infiltration of maligymphoma - S42

nant lymphoma to the eye and CNS can be studied. Vari-

ant S49 mouse lymphoma cells that exhibit cell-cell ad-

hesion properties (named Rev-2-T-6) were inoculated Introduction

traperitoneally into Balb/C mice at the ages of 6-60 days

postnatal. Mice inoculated between days 6—11 postnd@alular lymphoma is a lethal disease [15, 39, 40, 52]
developed signs of eye and CNS involvement with an ajgused mainly by two clinically distinct forms of non-
parent peak (58% of mice) at day 7. None of the mice Hedgkin’s lymphoma: (1) non-Hodgkin’s lymphoma of
oculated beyond day 11 exhibited such signs. Histolotlie central nervous system (NHL-CNS) and (2) systemic
cal analysis of these sites revealed tumorous infiltratggyphoma metastatic to the eye. Hodgkin's lymphoma
into a variety of structures in the orbit, intraocular tiscery rarely causes ocular and orbital disease [27, 42, 44].
sues, along the optic nerve and in the brain. Additionigdie NHL-CNS form arises within the brain, spinal cord,
analysis of the histopathological data, based on the stigptomeninges or the eye, but then may spread through-
tures demonstrating the highest frequency of lymphomiat the CNS [3, 7, 43], with rare systemic spread outside
infiltration, suggests preferred routes of lymphoma entitye CNS [16, 38]. In contrast, systemic non-Hodgkin’s
to the brain and eye. Thus, entry to the brain can ocbumphoma almost always arises outside of the CNS. The
mainly through the choroid plexus and cranial nerves disease is aggressive, and most patients die within 1-5
cranial nerve ganglia. Entry to the eye may occur froyears of diagnosis [35]. Although previously uncommon,
the brain (along the optic nerve), and through hematogeular lymphoma is recognized with increasing frequen-
nous infiltration of orbital structures. No data were fourzy. This results from the increasing incidence of primary
that would support retrograde infiltration of the lymphd=NS lymphoma (PCNSL) in immunocompetent as well
ma from the eye to the brain. These findings presentamin immunocompromised populations i.e., AIDS, renal
experimental model for addressing the molecular mecti@nsplant recipients, Wiskott-Aldrich syndrome and
nisms that govern homing of malignant lymphoma to tla¢axia-telangiectasia [9, 17, 24, 31, 36]. Between 2% and
eye and brain, as well as the development of experiméfe of AIDS patients are diagnosed with PCNSL; about
tal therapeutic modalities for malignant lymphoma ih1% are diagnosed as such at autopsy [31]. About 20%
these organs. of patients with PCNSL have ocular involvement, but
60%—-80% of patients who initially present with ocular
lymphoma develop subsequently clinically evident dis-
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Institute of Life Sciences, The Hebrew University of Jerusalem, 40]. In a recent study, 24 patients with ocular lymphoma
Jerusalem 91904, Israel were reviewed; 23 had associated PCNSL [40]. Most
Tel.: (972)-2-6585113, Fax: (972)-2-5617918 cases of NHL-CNS that have been reported so far in
J. Pe’er - H. Gnessin AIDS patients are B cell lymphomas although, recently,
Department of Ophthalmology, Hadassah University Hospital, there is an increasing number of T cell lymphomas of the
Jerusalem, Israel CNS [14, 37]. The mechanisms of homing of lymphoma
M. Deckert-Schliiter - O.D. Wiestler cells to the CNS and eye are not yet understood.

Institute of Neuropathology, To our knowledge, there is currently no adequate ex-
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1 Decease! that could mimic the infiltration of the eye and brain by
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malignant lymphoma in humans. Such a model might ipe3.7% paraformaldehyde. The labeled cells were analyzed using
used to address the molecular basis of differential infiFACStar plus cell sorter (Becton Dickinson).

tration to these organs, as well as to investigate new ther-

apeutic options for this malignancy. A model that partial
ly relates to these questions was developed by WhitR@sults

al. [50, 51]. It is based on the direct heterotransplantat nv—2—T—6 cells were derived from substrate-adherent,

of cells from childhood leukemias and lymphomas to t Bn-tumorigenic (immunogenic) variants of the S49

anterior chamber of the eye in immunocompromisé .
nude mice. y P mouse lymphoma (see Materials and methods). These

Here we report that following intraperitoneal inoculs€!!S demonstrate cell-cell adhesion, growing in suspen-

tion of variant S49 mouse lymphoma cells into newboriPh culture as cell aggregates.
mice, specific homing of these cells to the eye and braip/PON intraperitoneal inoculation of Rev-2-T-6 cells
takes place. This constitutes a novel experimental motjiip mature (2 months and older) syngeneic Balb/c mice,
for infiltration of lymphoma to the eye and CNS. progressive, solid abdominal tumors develop. These are
defined histologically as high-grade malignant lympho-
ma, small, non-cleaved cell type, with starry-sky appear-
Materials and methods ance. Median survival of mature mice inoculated IP with
3x1(—-2x10 cells varies between 55-70 days post inoc-
S49 lymphoma, a malignant mouse T-cell lymphoma of Balb/c gjtation. Some inoculated mice can reach a weight of

igin, has been adapted to growth in cell culture [22]. We have p
viously used these cells to select for highly tumorigenic suspeli= g (due to tumor load), compared to 21 g for normal

sion-borne variants named T-25 [18, 19]. T-25 cells developBglb/C controls. _ .
progressive tumors (defined as a high-grade malignant lymphoma,As described above, IP inoculation of Rev-2-T-6 cells

small non-cleaved cell type, with a starry-sky appearance) withirao mature Balb/c mice results in progressive, solid ab-

median survival of about 14 days, following intraperitoneal (IR ; ; ;
inoculation of 10 cells into syngeneic mice. From T-25 cells wgommal tumors. However, upon inoculation of these

selected spontaneously developing substrate-adhesive varidrfdlS into newborn mice (age 6-11 days), up to 58% of
named T-25-Adh, which revealed impaired tumorigenicity (no téhe mice revealed also clinical signs of eye and CNS in-
mors with up to 18cells per mouse) and enhanced immunogenigolvement. These signs may include: unilateral or bilat-

ity (protection against a challenge with tumorigenic T-25 cells)@m involvement of the orbit and eyelids (Fig. 1); accu-

immunocompetent mice [18, 19]. These cells were subseque : - .
used to study different parameters of growth regulation and im Z'Iatlon of lymphoma cells in the anterior chamber

nogenicity [6, 20, 21, 32]. T-25-Adh cells (that were selected foRC) of the eye, thereby masking the posterior surface of
resistance to 0.5 mM ouabain as a marker) were subjected to th¢ cornea (Fig. 2); retardation of animal growth (Fig. 3).

irradiation and subsequent in vitro selection for suspension grophe neurological signs manifested by affected mice in-
ing cells. This was followed by in vivo selection (six consecutiv, : P :
passages in Balb/c mice) for tumorigenic (hon-cloned) revertar;gLUded ataxia, spinning when held by the tail, and arched

These revertant cells (named Rev-2-T-6) were frozen in liquid MAck. NoO signs of either eye or brain involvement ap-
trogen for subsequent use. They give rise to progressive, solida@ared following intraperitoneal inoculation of parental,
dominal tumors following intraperitoneal inoculation into maturgymorigenic T-25 cells (see Materials and methods) into

Balb/c mice. Rev-2-T-6 cells grow in suspension as cell aggawborn mice. A summary of the frequency of clinical
gates. These cells were used in the present study. ’

Rev-2-T-6 cells were maintained in Dulbecco’s modified E£IGNS related to the age at inoculation of mice with Rev-
gle’s medium_(Beth-Haemek, Israel) supplemented with 102T-6 cells is shown in Table 1. The eye signs, the neuro-
horse serum, 50 U/ml penicillin and 5i@/ml streptomycin. ~ logical signs and the growth retardation all follow a simi-

Rev-2-T-6 cells (3x19 were inoculated intraperitoneally into|ar pattern of decreasing involvement with increasing age

young (6—15 days postnatal), syngeneic Balb/c mice. Mice wefg. : : : :
checked daily for palpable abdominal tumors as well as for si ﬁlnoculatlon. The latest days of inoculation that still re-

of eye and CNS involvement. The principles of laboratory aninﬁllll'!ed in eye signs, neurological Signs and growth retar-
care (NIH publication No. 85-23, revised 1985) were followedlation were 11, 9 and 9, respectively. None of these

Eyes and brains of sacrificed mice were fixed in buffered formali§igns appear in mice inoculated later than dav 11 postha-
processed routinely and embedded in paraffin. Sectiorsmp t[%? (TabFI)ef) 1) y P
Jdal .

were stained with hematoxylin and eosin and subjected to hi . . L
logical analysis. The onset of eye signs in mice inoculated on days 6,

Cells were washed twice with phosphate-buffered salie 8, 9 and 11 with Rev-2-T-6 cells was in the range of
(PBS). Samples (EQcells) were incubated for 30 min. at 4°C ip4-29, 17-56, 16-19, 20-40 and 24-30 days, respective-

Hank’s balanced salt solution (HBSS) containing 3% horse ser ; ; _
and 0.1% sodium azide. The cells were then incubated with E@WIth a median of 27, 23, 17, 25 and 28 days, respec

appropriate antibody (see below) in HBSS for 45 min at 4°C. T gely. The number of mice_ examined in each group was
following monoclonal antibodies against mouse cell adhesion mbi- 22, 4, 19 and 4, respectively.
ecules (CAMs) were used: purified rat anti-CD2, -CD18, -CD44 Mice that demonstrated clinical signs (Table 1), and

(Pgp-1), -CD49d (VLA-4a), -CD49e (VLA-5a), -ICAM-2, -LE- i =
CAM-1(L-selectin), (Pharmingen); purified rat anti-ICAM-Were not followed for survivain(= 22), were further

1(CD54) (Serotec): purified rat anti-NCAM (Immunotech); r-peubmitted to histopathological analysis. This was carried
conjugated rat anti-CD4 (L3T4); FITC-conjugated rat anti-CDgaut about 7-10 days following the onset of signs. Mas-
(Ly-2) (Pharmingen); rat anti-LFA-1 (supernatant of hybridomsive infiltration of the lymphoma into both orbit and eye,

cells, ATCC FD441.8). including the AC, uvea, vitreous body, retina and optic

Unless labeled first antibody was used, cells were washed : . . .
5 ml HBSS and incubated with fluorescein isothiocyanate (FITC)- rve, was revealed (Fig. 4). To identify the tissues that

F(ab’)2 fragment of rabbit anti-rat IgG (H+L) (Zymed) for an adir® most susceptible to infiltration by Rev-2-T-6 cells we
ditional 45 min. After two washes with HBSS, the cells were fixe@inalyzed 35 of the eyes (Table 2), and the 22 brains (see
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below). Five eyes that were devoid of lymphoma infiltra-

tion and four eyes that were used to transfer lymphoma
cells into culture (see below) were not analyzed. The
structures with the highest frequency of involvement

were the orbit (86%) and the optic nerve (86%). At the

lower end of the scale, only one case of retina involve-
ment was found. The cornea was devoid of any lympho-
ma cell infiltration. The data in Table 2 are consistent

with the following routes of Rev-2-T-6 cell metastasis to

the eye: (1) through the circulation (hematogenous); (2)
along the optic nerve.

The significant involvement of the optic nerve (86%),
and the presence of the neurological signs, although at
low frequency (4 out of 119 mice inoculated at ages
6-11 days, see Table 1), prompted us to carry out a his-
topathological analysis of brains from the same mice.
Figure 5 demonstrates infiltration of Rev-2-T-6 cells into
brain tissue. It is noteworthy that &l cases where we
found (histologically) infiltration of Rev-2-T-6 cells into
the eye, these cells were also found in various structures
of the brain.

When affected eye and brain tissues (4 and 1, respec-
tively), were transferred into culture, masses of dividing
cells dominated the population within a few days. These
were characterized as Rev-2-T-6 cells according to their
growth in suspension culture as aggregates and resis-
tance to 0.5 mM ouabain (see Materials and methods).

Since mice inoculated with Rev-2-T-6 cells at the age
of 13, 15 and 60 days did not demonstrate any symptoms
related to eye and CNS involvement, or to growth retar-
dation, it was of interest to find out whether these mice
would still display infiltration to the eye and brain that
could be detected histologically. To that effect, both
brains and eyes of mice inoculated with Rev-2-T-6 cells
at the ages of 13, 15 and 60 dags=(5, 5 and 10, re-
spectively) were subjected to histopathological analysis.
Critically ill mice were killed when their weight, due to
the abdominal tumor load, was 35-45 g. The above
groups demonstrated infiltration to the brain in 1/5
(20%), 1/5 (20%) and 1/10 brains (10%), respectively,
and infiltration to the eye in 2/10 (20%), 1/10 (10%) and
2/20 eyes (10%), respectively.

A more detailed histological analysis of the rostral as
well as the caudal parts of the brain with regard to the
frequency of structures infiltrated by the Rev-2-T-6 lym-
phoma was carried out (Table 3). The subarachnoid
space was the site most often involved by the tumor (up
to 95%). Choroid plexus (up to 64%), cranial nerves (up
to 55%) and cranial nerve ganglia (55%) were also infil-
trated. In all cases where lymphoma cells were detect-
able in the subarachnoid space, the choroid plexus and/or

Fig. 1 Unilateral involvement of the left orbit and eyelids follow-
ing inoculation of Rev-2-T-6 cells into the peritoneum of newborn
mice

Fig. 2 Photograph of anterior segment of Balb/c mouse eye show-
ing heavy accumulation of lymphoma cells in the anterior cham-
ber covering most of the posterior surface of the cc:rnea

Fig. 3 Left Growth-inhibited mouse at age 38 days (inoculated at
7 days with Rev-2-T-6 cells), weight 9 Right Normal control
mouse at age 38 days, weight 21 g



462

Table 1 Manifestation of clinical symptoms following intraperi-postnatal to 2 months of age. Mice were inoculated with 8x10
toneal inoculation of Rev-2-T-6 cells into Balb/c mice from day 6ells (days 6-15) and 1x16ells (day 6C;

Inoculation day 6 7 8 9 11 13 15 60
Eye 6/11 22/38 4/13 18/35 4/22 0/19 0/11 0/26
symptoms? 55% 58% 31% 51% 18% 0% 0% 0%
Neurological 1/11 2/38 0/13 1/35 0/22 0/19 0/11 0/26
symptoms 9% 5% 0% 3% 0% 0% 0% 0%
Growth 5/11 13/38 4/13 6/35 0/22 0/19 0/11 0/26
retardatiorf 45% 34% 31% 17% 0% 0% 0% 0%
Abdominal 4/11 21/38 6/13 29/35 16/22 10/14 9/11 24/26
(palpable) 36% 55% 46% 83% 72% 71% 82% 92%
tumors
Survival 21-56 16-80 15-65 14-90 64-70 72-90 60-65 50-67
(daysy (33) (51) (30) (54) (67) (76) (63) (61)
n=9 n=30 n=12 n=25 n=3 n=6 n=4 n=14
aSee Figs. 1, 2

b As described in the text
¢Included in this category are mice that did not reach a weight above 14 g
d Toprange of survivalMiddle median survivalbottomno. of mice checked for survival

Fig. 4A—D Photomicrographs of ocular lymphoma following including extra-ocular muscles and lacrimal gland), as well as mas-
oculation of Rev-2-T-6 cells into 7 days postnatal Balb/c mice (hsgive infiltration into the choroid and the meninges around the optic
matoxylin & eosin).A Histological section shows infiltration of nerve (x36).C High-power photomicrograph shows lymphoma
lymphoma cells into the eyelid, conjunctiva and lacrimal gland aslls in the choroid, subretinal space and outer retina (xIBO).
well as iris, ciliary body and anterior chamber (x3Histologi- Seeding of lymphoma cells into the vitreous body. Involvement of
cal section shows infiltration of lymphoma cells into the orbit (inthe choroid is evident as well (x$9)
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Table 2 Ocular structures infiltrated by Rev-2-T-6 cells followinghe cranial nerves and cranial nerve ganglia were also in-

inoculation into young (6-11 days of age) Balb/c rice

Orbit 30/35 (86%)
General 28
Ocular muscles 28
Lacrimal glands 15
Optic nerve 30/35 (86%)
Meninges 30
Parenchyma 0
Bulbar Conjunctiva 20/35 (57%)
Eyelids 17/35 (49%)
Eyelids 16
Adjacent glands 1
Uvea 13/35 (37%)
Choroid- 13
Ciliary body 11
Iris 10
Intraocular (other than uvea) 10/35 (29%)
Anterior chamber 10
Posterior chamber 6
Sclera 11/35 (31%)
Vitreous 5/35 (14%)
Retina 1/35 (3%)
Cornea 0/35 (0%)

filtrated. These findings demonstrate that the clinical
signs of eye involvement are a convenient and reliable
indicator of infiltration to both eye and brain by Rev-2-T-
6 cells. Taken together with the high proportion (58%) of
mice that develop signs of eye involvement, our findings
offer an experimental model for the analysis of lympho-
ma metastasis to the eye and brain.

The brains, optic nerves and eyes of 21 mice that
were previously found to demonstrate lymphoma cell in-
filtration to these sites (following the onset of clinical
signs), were grouped according to different patterns of
infiltration (Table 4). The prevalent pattern (no. 1) dem-
onstrated bilateral involvement of the eyes and optic
nerve. Patterns 2—-7 show data of mice where one or
more of these sites were not involved. This suggests
some interesting points with regard to possible routes of
infiltration to the eye and brain. Thus, from patterns 2—4
(6/21 mice, 29%), it may be concluded that one route is
initiated in the brain and continues along the optic nerve
and into the eye. From patterns 5-7 (4/21 mice, 19%), it
may be concluded that the eye can also be infiltrated
through hematogenous tumor spread, independent of the

Fig. 5A-D Histopathological appearance of intracranial lymphdricular lumen and the periventricular brain tisslegt) (x165).C

ma infiltrates (H&E). A Tumor masses in the lateral ventricleAccumulation of tumor cells in the subarachnoid space without in-
(right) with diffuse infiltration of the adjacent periventricular brairfiltration of the underlying cortex (x220R Tumor manifestation
and corpus callosum (x1693. Tumor infiltration of the choroid in a cranial nerve ganglion. Local neurons are still detectalle (
plexus arrow). Note additional tumor manifestations in the venrows) (x220}
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Table 3 Brain structures infil-
trated by Rev-2-T-6 cells fol-
lowing inoculation into young
(6—11 days postnatal) Balb/c

mice

histopathologically analyzed in
6 animals, 2 of these have
shown tumor involveme it

Forebrain (n = 22)

Posterior fossa= 22)

Subarachnoid space
Choroid plexus

Cranial nerve ganglia
Corpus callosum
Perivascular system
Ventricular system
Periventricular infiltration
Cranial nerve involvement

. Myelin infiltration
Regional lymph nodes were C())/rtex

Peripheral nerves
Basal ganglia

(95%) Subarachnoid space (86%)
(59%) Choroid plexus (64%)
(54%) Cranial nerves (55%)
(45%) Cranial nerve ganglia (55%)
(45%) Ventricular system (32%)
(41%) Cerebral cortex (27%)
(41%) Pons (18%)
(36%) Cerebral white matter (9%)
(18%) Skull bone (5%)
(18%) Muscle (0%)
(14%)
(9%)

Table 4 Patterns of infiltration of Rev-2-T-6 cells into the eye, opaptic nerve route. Indeed, this notion is strengthened by

tic nerve and brain. Each pattern represents the findings in

mouse (2 eyes, 2 branches of the optic nerve and the Hrain)

Pattern no. Eye
1 +
+
2 —
3 +
4 +
5 +
+
6 +
7 +
+

Optic nerve Brain

+ +

+

+ +

+ +

+ +

+

- +

- +
+

+

No.of mice
11/21 (52%)

1/21 (5%)
3/21 (14%)
2/21 (10%)
1/21 (5%)
2/21 (10%)
1/21 (5%)

* Eye includes the orbit and intraocular tissues

Positive Cells (%)

100

90

80

70

?AE finding that the four eyes of patterns 5-7 (that show
no optic nerve involvement), demonstrate lymphoma in-
filtration into the orbit, but not to intraocular tissues.

Cell adhesion molecules (CAMs) are known to partici-
pate in the infiltration of lymphoid cells to the eye and
CNS during inflammatory reactions [10, 51]. It was there-
fore of interest to characterize Rev-2-T-6 cells with regards
to the expression of representatives of the different classes
of CAMs. To that effect, a flow cytometry analysis was
carried out with the following findings (Fig. 6): CD18,
LFA-1, ICAM-2, and CD4 were expressed on the surface
of about 60% of Rev-2-T-6 cells. CD2 was expressed in
about 20% of cells. The mean fluorescence intensity (as a
measure of fluorescence intensity per cell) of the CAMs
expressed at the higher percentage of cells is also shown in
Fig. 6. Other CAMs were either not detected (ICAM-1,

Fig. 6 Analysis of cell adhesion molecules (CAMs) on Rev-2-T-6
cells using flow cytometry. Histograms represent the percentage of
cells that express the various CANMumbers in framesiean flu-
orescence (representing fluorescence intensity pe cell)

25.0 +/-
9.8
| ] 29.3 +/- 62.5 +/-8.8
30.0 +/- 13.6
14.6

CD18

LFA-1

ICAM-1 ICAM-2

CD2 CD3

CD4 CD8 NCAM CD49d CD49e¢ L-Selectin CD44
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NCAM and CD49e) or were expressed in a low percentage
of cells (CD3, CD8, CD44, CD49d and L-selectin). oN

Discussion
H Ccp CN
In the present study, we have developed a mouse model
to explore the biology and therapy of lymphoma meta&g. 7 A schematic model for infiltration of Rev-2-T-6 lymphoma

tasis to the eye (including the orbit) and CNS. The st Is to the brain and eyArrowsdepict the proposed major routes
nificance of this model lies in its potential use for a F]lnflltratlon (C.N. cranial nerves and cranial nerve gangGap.

. : . . oroid plexusO.N.optic nerveH. hematogenous
dressing the following issues: (1) determine exact pat- 'd plexusO.N. opt ver g )

terns of lymphoma spread through the use of radiola-
beled or genetically tagged cells; (2) identify moleculéateral ventricles. It is noteworthy that intraperitoneal in-
mechanisms (and genes) involved in metastasis to thesélation of Daudi cells resulted in abdominal tumors
sites; (3) develop novel experimental therapeutic moddliit no involvement of the brain. In another experimental
ties; (4) study a variety of parameters (including kinetigsodel [4], human T-cell lymphoblastic lymphoma cells
of cytokine profile) for early diagnosis of lymphomavere inoculated intravenously into beige-nude-xid
spread in the eye and CNS; (5) investigate immune (BNX) mice. Among the sites involved, there was inva-
sponsiveness of the eye and brain towards malignsiain of the CNS (leptomeningeal and perivascular) but
lymphoma; (6) deliver genes of interest into the eye andt the eye. The model of White et al. [51], which in-
brain. To that effect, we have recently introduced the htludes the direct inoculation of lymphoma cells into the
man multi-drug resistance (MDR) gene into eye amt of the eye of nude mice, cannot be used to study the
brain infiltrating cells. Following intraperitoneal inocularoutes of infiltration to the eye as well as the molecular
tion into young mice, multi-drug resistant tumors devakechanism(s) used by the infiltrating cells.
oped in both eyes and brain (J. Hochman, unpublished) As major site of CNS infiltration, the subarachnoid
These tumors can be used as targets for reversal of mgfiace was involved in 95% of cases, followed by the
drug resistance by putative reversing agents. The follasiroroid plexus (64%) and cranial nerves and ganglia
ing features render the model convenient: (1) the use(%8%). These findings are consistent with two major
immunocompetent Balb/c mice (and not nude or saidutes of infiltration to the subarachnoid space: (1)
mice as is the case in other related models — see beleugh the choroid plexus (CP); (2) through the cranial
(2) the relatively high percentage of mice (up to 58%grves and cranial nerve ganglia (CN).
with eye and brain manifestation; (3) the ease of han-In the case of the eye, various possibilities for entry of
dling (IP inoculation); (4) the intervals from the date ahe lymphoma cells exist: (1) through the brain and optic
inoculation (day 7) to the onset of clinical signs (aboutngrve; (2) through the carotid and ophthalmic arteries, di-
weeks) and from the onset of signs until death (aboutetly to the orbit; (3) retrograde flow through anastomos-
weeks) which allow one to investigate different ags between the valveless facial and orbital veins [25].
proaches of intervention during the homing process toWith regard to our findings of orbit involvement in
the eye and brain and during the spread of the lymphoyeaing mice, it is noteworthy that the orbit is one of the
throughout these organs. characteristic sites involved in young children with Bur-
To our knowledge, no comparable model is currenttt's lymphoma [2, 44].
available to study infiltration of lymphoma to the eye Both optic nerve and orbit were affected histological-
and brain. Other experimental models that have beenlynin the majority (86%) of eyes. This observation is con-
troduced involve the brain or spinal cord but not the eyistent with two independent (major) routes of infiltra-
Thus, Benke et al. [5] examined the in vivo behavior tibn to the eye: (1) from the brain along the optic nerve;
adhesive ESb-MP tumor variants (derived from the E&Y through the circulation (hematogenous infiltration;
murine lymphoma). In the late stages of tumor growtdee above). These conclusions are supported by the dif-
following subcutaneous or intravenous inoculation, 38férent patterns of infiltration demonstrated in Table 4.
of ESb-MP tumor-bearing animals developed metasta3ésis, pattern no. 2 (brain and one branch of optic nerve
around and within the spinal cord, causing a syndromeiriffltrated without eye involvement), pattern no. 3 (brain,
hind-leg paralysis. However, no metastases were fowrk branch of optic nerve and corresponding eye infil-
in the brain despite detailed histological analysis. Motiated) and pattern no. 4 (brain, two branches of optic
recently, additional models of interest (albeit in immuneerve and one eye infiltrated), support the optic nerve
deficient mice) have been reported. In one study [18)N) pathway to the eye. Patterns 5-7, in which one or
retro-orbital inoculation of human B cell tumor (Daudipoth eyes are infiltrated, one or both branches of the op-
cells into scid mice was carried out. Despite this routetif nerve are devoid of lymphoma cells and the brain is
inoculation, no infiltration into the eye was evideninvolved in all cases, support an independent, hematoge-
Among the sites involved, cells metastasized to the cnaus (H) infiltration of the eye. It is noteworthy that dur-
nio-ventral cerebral meninges and extended along thg this study, we haveot encountered patterns of infil-
ventral and caudal aspects of the cerebrum and into tifagion to the eye with the following profiles: (1) eye pos-
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itive, optic nerve and brain negative; (2) eye and opttc the maturation of the vascular network in the eye,
nerve positive, brain negative. Such patterns could swiich takes place mostly during the first 2 weeks of
port a pathway of retrograde infiltration from the eye fmostnatal development [1, 45]. Once infiltration has tak-
the brain along the optic nerve. While such a route cam place, the lymphoma cells multiply and, depending on
not be entirely excluded, its likelihood is low. The schéhe initial dose that has crossed the barrier, will spread at
matic model in Fig. 7 summarizes our current thinkireyslower or faster pace in the affected brain and eye.
on the infiltration of Rev-2-T-6 cells to the eye and brain. At present, we do not know what causes the growth
Two major routes (CP and CN) lead to the brain, and taoest phenomenon in mice inoculated with Rev-2-T-6
major routes (ON and H) lead to the eye. Further anatells at the ages 6—9 days. Since it correlates with the de-
sis is needed to address this issue. crease, in time, of the eye and neurological signs (Table

In mature immunocompetent mice, the normal recruit), one is tempted to speculate that the metastasis of
ment of lymphocytes to the brain is an antigen-indepdrev-2-T-6 cells to the eye and brain may involve the in-
dent mechanism depending on the state of activationfittfation (and inhibition) of specific structures, along the
lymphocytes [48]. Entry of immune cells into the brain isypothalamic-pituitary-skeletal axis, that are involved in
mediated by CAMs expressed by cerebral endothelia¢ regulation of growth hormone secretion and action.
cells [30]. The basal level of lymphocyte binding to cere- In conclusion, Rev-2-T-6 cells constitute a novel ex-
bral endothelial cells is much lower than binding to endperimental model for metastasis of malignant lymphoma
thelia of other organs, since in the normal brain the dg-the eye and brain. A better understanding of the mole-
pression of CAMs is downregulated. However, under iadlar mechanisms that regulate the process of metastasis
flammatory conditions, cytokines lead to an activation tf the eye and brain, and of the complex interactions be-
T lymphocytes as well as an upregulation of CAMs dween the metastatic cells and host factors at these sites,
cerebral, endothelial cells, thus enabling hematogeneuil provide a biological foundation for the design of
cells to enter the brain [23, 26, 33]. Anti-LFA-1 and anthore effective therapy, as well as new options to deal
CD18 were able to block the binding of mitogen-activatvith lymphoma metastasis to these organs.
ed lymphocytes to brain endothelium in vitro. The time at _ o _

nowledgements This article is dedicated to the memory of

which lymphocyte adhes_weness_ to the erydoth_ehum V@%ry Hasson, a friend and a student. Supported in part by the Isra-
greatest corresponded with the time at which highest lgVcancer Association and by the Israel Science Foundation (J.H.).
els of LFA-1 and VLA-4 expression were observed [34].

Monoclonal antibodies against LFA-1 and ICAM-1 in-
hibited experimental uveitis, suggesting a role for th%«?ferences
molecules in mediating leukocyte recruitment to the eyée

[46, 49]. Since these CAMSs partlc_lp_ate In 'nf'ltrat'on Of1. Alon T, Hemo |, Itin A, Pe’er J, Stone J, Keshet E (1995) Vas-
lymphocytes to the eye and CNS, it is tempting to specu-cular endothelial growth factor acts as a survival factor for
late that LFA-1 and ICAM-1 may also play a role in the nhewl)f/ forme(ii rrettinaNIa\/teasétalslaggzhzlaslion;pélications for retinopa-
metastasis of Rev-2-T-6 cells to the eye and brain. Fyy-thy of prematurity. : —Ye

thermore, in view of our findings that ne choroid plexud A7 Y. Kepifity C, Catleren & aazou = (1090 Head
can serve as an important route of metastasis to the brainviaxillofac Surg 48: 708-713

it is noteworthy that NMRI mice constitutively express3. Appen RE (1975) Posterior uveitis and primary cerebral retic-
both ICAM-1 and VCAM-1 on the epithelium of the chor- ulum cell sarcoma. Arch Ophthalmol 93: 123-124

: : 4. Biondi A, Teresio M, Garofalo A, Rossi V, Giudici G, Rizzo
oid plexus and ependymal cells of the ventricular wall [8]. V. Pioltelli P, Corneo G, Barbui T, Parma A, Rambaldi A,

As stated in the Introduction, the majority of CNS  Gjavazzi R (1993) Human T-cell lymphoblastic lymphoma ex-
lymphomas are of the B cell type, while Rev-2-T-6 cells pressing the T-cell receptg#d established in immune-defi-
were derived from a mouse T cell lymphoma. Since cient (bg/nu/xid) mice. Leukemia 7: 281-289
LFA-1. ICAM-2 and CD2 are also expressed on some B Benke R, Lang E, Komitovski D, Muto S, Schirrmacher V

! (1988) Changes in tumor cell adhesiveness affecting speed of
cell I_yr_n_phomas (28, 29, _41]’ one can not rule out the dissemination and mode of metastatic growth. Invasion Metas-
possibility that a mechanism (common to both T and B tasis 8: 159-176
cell lymphomas) involving these CAMs (in particular6. Bergel M, Bhatia K, Siwarski D, Gutierrez M, Hochman J,
LFA-1) may participate in metastasis to the CNS. Fur- Huppi K (1993) Association of tumorigenic and nontumorigenic

. - - . (immunogenic) variants in a mouse T-cell lymphoma with two
ther experimentation will be needed to address this ISSU€ gtinct n53 mutations. Molecular Carcinogenesis 8: 221-227

In the present m'Odel, metastasis to the brain and eyepeangelis LM, Yahalom J, Thaler HT, Kher U (1992) Com-
took place in mice inoculated no later than day 11 post- bined modality therapy for primary CNS lymphoma. J Clin
natal. This may suggest that a developmentally regulated(lg”CCKJ| 1t0:56r?|5'?64ﬁ/| Sehliiter D. Hof H. Wiestler OD. L

H H H S H . beckert-oscnluter , @Ccnluter D, HO , lestier , Lass-
process in the brain and eye, during a C”tl(?a.l Per.'od bé_ man H (1994) Differential expresssion of ICAM-1, VCAM-1
tween postnatal days 6 and 11, favors the initial infiltra- ang their ligands LFA-1, Mac-1, CD43, VLA-4 and MHC
tion into these sites. One possibility is selective leakageclass Il antigens in murine toxoplasma encephalitis: a light mi-
(towards Rev-2-T-6 cells) of the blood-brain barrier croscope and ultrastructural immunohistochemical study. J

i i inei i Neuropathol Exp Neurol 53: 457-468
(I?BB). at this perlotd tha’; comc;des évgg ﬂ]]_?_ df;/elzpnlﬁl’g_ Eby NL, Grufferman S, Flannelly CM, Schold SC, Vogel FS,
Or various parameters or a mature [11, 47]. AnOtheT g ;ruer PC (1988) Increasing incidence of primary brain lym-
developmentally regulated process that might be relevantphoma in the US. Cancer 62: 2461-2465




467

10. Fabry Z, Raine CS, Hart MN (1994) Nervous tissue as an i&2. Mador N, Falk H, Bergel M, Panet A, Hochman J (1997) Vari-
mune compartment: the dialect of the immune response in the ant mouse lymphoma cells with modified response to interfer-
CNS. Immunol Today 15: 218-224 on demonstrate enhanced immunogenicity. Cancer Immunol

11. Farrel CL, Risau W (1994) Normal and abnormal development Immunother 44: 249-256
of the blood-brain barrier. Microsc Res Tech 27: 495-506 33. Male D, Pryce G, Hughes C, Lantos P (1990) Lymphocyte mi-

12. Freeman LN, Schachat AP, Knox DL, Michels RG, Green WR gration into brain modelled in vitro: control by lymphocyte ac-
(1987) Clinical features, laboratory investigations, and survival tivation, cytokines and antigen. Cell Immunol 127: 1-11
in ocular reticulum cell sarcoma. Ophthalmology 94: 1631-1634. Male D, Rahman J, Pryce G, Tamatani T, Miyasaka M (1994)

13. Ghettie MA, Richardson J, Tucker T, Jones D, Uhr JW, Vitetta Lymphocyte migration into the CNS modelled in vitro: roles
ES (1990) Disseminated or localized growth of a human B-cell of LFA-1, ICAM-1 and VLA-4. Immunology 81: 366—-372
tumor (Daudi) in scid mice. Int J Cancer 45: 481-485 35. Margolis L, Fraser R, Lichter A, Char DH (1980) The role of

14. Grant JW, Isaacson PG (1992) Primary central nervous systemradiation therapy in the management of ocular reticulum cell

lymphoma. Brain Pathol 2: 97-109

sarcoma. Cancer 45: 688-692

15. Henderson JW (1994) Hematopoietic tumors. In: Hendersé® Miller DC, Hochberg FH, Harris NL, Gruber ML, Louis DN,

JW, Campbell RJ, Farrow GM, Garrity JA (eds) Orbital Tu-
mors. Raven Press, New York, pp 279-307

16. Henry JM, Heffner RR Jr, Dillard SH, Earle KM, Davis RL

Cohen H (1994) Pathology with clinical correlations of prima-
ry central nervous system non- Hodgkin's lymphoma. The
Massachusetts General Hospital experience 1958-1989. Can-

(1974) Primary malignant lymphomas of the central nervous cer 74: 1383-1397

system. Cancer 34: 1293-1302 37. Mineura K, Sawataishi J, Sasajima T, Kowada M, Sugawara
Hochberg F, Pruitt A (1991) Neoplastic diseases of the central A, Ebina K (1993) Primary central nervous system involve-
nervous system. In: Wilson JD, Braunwald E, Isselbacher KJ, ment of the so called ‘peripheral T-cell lymphoma’. Report of
Petersdorf RG, Martin JB, Fauci AS, Root RK (eds) Harri- a case and review of the literature. J Neurooncol 16: 235-242
son’s Principles of Internal Medicine. McGraw-Hill, New38. Murray K, Kun L, Cox J (1986) Primary malignant lymphoma

17.

York, pp 2019-2020

18.

19.

20.

21.

22.
23.

24.
25.

Hochman J, Katz A, Levy E, Eshel S (1981) Substrate adher
ing lymphoid cells show impaired tumorigenicity and in39
creased immunogenicity. Nature (Lond) 290: 248-249
Hochman J, Levy E, Mador N, Gottesman MM, Shearer G,
Okon E (1984) Cell adhesiveness is related to tumorigenic#t
in malignant lymphoid cells. J Cell Biol 99: 1282-1288
Hochman J, Mador N, Panet A (1985) Tubular structures in
S49 mouse lymphoma are regulated through in vivo host-céll
interaction and in vitro interferon treatment. J Cell Biol 100:
1351-1356

Hochman J, Park SS, Lazarovici P, Bergel M, Gottesman MM
(1990) Monoclonal antibodies to immunogenic lymphoma celR
variants displaying impaired neoplastic properties: character-
ization and applications. J Natl Cancer Inst 82: 1821-1826 43
Horibata K, Harris AW (1970) Mouse myelomas and lympho-
mas in culture. Exp Cell Res 60: 61-77

Hurwitz AA, Lyman WD, Berman JW (1995) Tumor necrosid4
factor and transforming growth factor upregulate astrocyte ex-
pression of monocyte chemoattractant protein-1. J Neuroim-
munol 57: 193-198 45
Irwin D, Kaplan L (1993) Clinical aspects of HIV-related lym-
phoma. Curr Opin Oncol 5: 852—-860

Jakobiec FA, Iwamoto T (1982) Ocular adnexa: introduction
to lids, conjunctiva and orbit. In: Jakobiec FA (ed) Oculat6
Anatomy, Embryology and Teratology. Harper and Row, Phil-

of the central nervous system. Results of treatment of 11 cases

-and review of the literature.J Neurosurg 65: 600—607

. Palexas GN, Green WR, Goldberg MF, Ding Y (1995) Diag-
nostic pars plana vitrectomy report of a 21-year retrospective
study. Trans Am Ophthalmol Soc 93: 281-314

. Peterson K, Gordon KB, Heinemann MH, DeAngelis LM
(1993) The clinical spectrum of ocular lymphoma. Cancer 72:
843-849

. Pinto A, Carbone A, Gloghini A, Marotta G, Volpe R, Zagonel
V (1993) Differential expression of cell adhesion molecules in
B-zone small lymphocytic lymphoma and other well-differen-
tiated lymphocytic disorders. Cancer 72: 894-904

. Primbs GB, Monsees WE, Irvine AR (1961) Intraocular Hodg-
kin's disease. Arch Ophthalmol 66: 477-482

. Rockwood EJ, Zakov ZN, Bay JW (1984) Combined malig-
nant lymphoma of the eye and CNS (reticulum-cell sarcoma).
J Neurosurg 61: 369-374

. Rootman J, Robertson W, Lapointe JS, White V (1988) Lym-
phoproliferative and leukemic lesions. In: Rootman J (ed) Dis-
eases of the orbit. Lippincott, Philadelphia, pp 224—-240

. Stone J, Itin A, Alon T, Pe’er J, Gnessin H, Chan-Ling T,
Keshet E (1995) Devlopment of retinal vasculature is mediated
by hypoxia-induced vascular endothelial growth factor (VEGF)
expression by neuroglia. J Neuroscience 5: 4738-4747

. Uchio E, Kijima M, Tanaka S, Ohno S (1994) Suppression of
experimental uveitis with monoclonal antibodies to ICAM-1

adelphia, pp 709-713 and LFA-1. Invest Ophthalmol Vis Sci 35: 2626—2631
Johansson B (1991) Blood-brain barrier, entry of cells and gy~ Vorbrodt AW, Lossinski AS, Dobrogowska DH, Wisniewski
rogens. In: Bartfay T, Ottoson D (eds) Neuroimmunology of HM (1990) Sequential appearance of anionic domains in the
Fever. Pergamon Press, London, pp 177-189 developing blood-brain barrier. Dev Brain Res 52: 31-37
Kamellin S (1944) Uveitis associated with Hodgkin's diseas#B. Wekerle H, Limmington C, Lassman H, Meyerman R (1986)
Report of a case. Arch Ophthalmol 31: 517-519 Cellular immune reactivity within the CNS. Trends Neurosci
Khanna R, Burrows SR, Suhrbier A, Jacob CA, Griffin H, 9:271-277

Misko IS, Sculley TB, Rowe M, Rickinson AB, Moss DJ9. Whitcup SM, DeBarge LR, Caspi RR, Harning R, Nussenblatt
(1993) EBV peptide epitope sensitization restores human cyto- RB, Chan CC (1993) Monoclonal antibodies against ICAM-1
toxic T cell recognition of Burkitt's lymphoma cells. Evidence (CD54) and LFA-1 (CD11a/CD18) inhibit experimental auto-
for a critical role for ICAM-2. J Immunol 150: 5154-5162 immune uveitis. Clin Immunol Immunopathol 67: 143-150

29. Kimby E, Rincon J, Patarroyo M, Mellstedt H (1994) Expre$§0. White L, Meyer PR, Benedict WF (1984) Establishment and
sion of adhesion molecules CD11/CD18 (Leu-CAMSs, beta 2- characterization of a human T-cell leukemia line (LALW-2) in
integrins), CD54 (ICAM-1) and CD58 (LFA-3) in B-chronic  nude mice. J Natl Cancer Inst 72: 1029-1038

lymphocytic leukemia. Leuk Lymphoma 13: 297-306 51. White L, Trickett A, Norris DM, Tobias V, Sosula L, Marshall
Lassman H, Rossler K, Zimprich F, Vass K (1991) Expression GM, Stewart BW (1990) Heterotransplantation of human lym-
of adhesion molecules and histocompatibility antigens at the phoid neoplasms using a nude mouse intraocular xenograft
blood-brain barrier. Brain Pathol 1: 115-123 model. Cancer Res 50: 3078-3086

Ling SM, Roach M 3rd, Larson DA, Wara WM (1994) Radids2. Whitcup SM, de Smet MD, Rubin BI, Palestine AG, Martin
therapy of primary central nervous system lymphoma in pa- DF, Burnier M Jr, Chan CC, Nussenblatt RB (1993) Intraocu-
tients with and without human immunodeficiency virus. Ten lar lymphoma — clinical and histopathologic diagnosis. Oph-
years of treatment experience at the University of California thalmology 100: 1399-1406

San Fransisco. Cancer 73: 2570-2582

26.

27.
28.

30.

31.



