To test the effect of W concentration in
the coexisting metal and silicate phases on
partitioning, we used only 5% by weight of
W in the bulk composition at 2 GPa and
2300 K (Fig. 1A, solid square). Within un-
certainty, our result was consistent with
data obtained with the usual 10% of W in
the bulk composition. This result suggests
that deviations from Henry’s law cannot
account for the observed effect of silicate
melt composition on partitioning. At con-
stant values of fo, temperature, pressure,
and W concentration in the bulk composi-
tion, variations in Si/Mg from 1.3 to 0.7
produced nearly an order of magnitude
change in values of D, ., whereas chang-
ing the W concentration by half produced
no observable change in partitioning.

Segregation of metal from silicate to
form Earth’s core almost certainly in-
volved both a liquid metal and a silicate
melt, although the amount of silicate melt
necessary to promote metal segregation
could be small (20). Depending on the
degree of melting, the silicate melt in
equilibrium with metal could range essen-
tially from basalt (low melt fraction) to
peridotite (high melt fraction). For a value
of o, at which core segregation will leave
a mantle with ~9% FeO by weight, D, .1
for W is ~10% and for Mo is ~10°, in a
melt of basaltic composition (Fig. 2).
However, in a peridotitic melt, D, for
W and Mo drops to ~10? and ~10°, re-
spectively. Thus, depending on the degree
of melting of the mantle in the Earth’s
early history, W and Mo partition coeffi-
cients can vary over two orders of magni-
tude. When the added effects of tempera-
ture and pressure on Mo partitioning are
taken into account (for example, increas-
ing pressure by 5 GPa and temperature by
500 K decreases the value of D for Mo by
about 1 log unit) the magnitude of the
abundances of W and Mo in the upper
mantle can be explained by equilibrium
between liquid-metal and ultra-mafic sili-
cate melt at high pressures and tempera-
tures (Fig. 2). This result gives support to
models that show the core segregating
from a highly or completely molten early
Earth.
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Iron variations in the silicate melt are inextricably
linked to variations in f,, according to the IW buffer
reaction

1
Femeta + ) O; = FeOsiicare

If ideal behavior is assumed, a value of f,_ can be

calculated relative to the IW buffer reaction simply

from the mole fractions of Fe and FeQO in the metal

and silicate. See also (70), where
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Fas Ligand-Induced Apoptosis as a
Mechanism of Immune Privilege

Thomas S. Griffith, Thomas Brunner, Sharon M. Fletcher,
Douglas R. Green, Thomas A. Ferguson*

The eye is a privileged site that cannot tolerate destructive inflammatory responses.
Inflammatory cells entering the anterior chamber of the eye in response to viral in-
fection underwent apoptosis that was dependent on Fas (CD95)-Fas ligand (FasL) and
produced no tissue damage. In contrast, viral infection in g/d mice, which lack function-
al FasL, resulted in an inflammation and invasion of ocular tissue without apoptosis.
Fas-positive but not Fas-negative tumor cells were killed by apoptosis when placed
within isolated anterior segments of the eyes of normal but not FaslL-negative
mice. FasL messenger RNA and protein were detectable in the eye. Thus, Fas-FasL
interactions appear to be an important mechanism for the maintenance of immune

privilege.

That some sites in the body are immuno-
logically “privileged” has been recognized
for more than 120 years (1). Classically,
an immune-privileged site is where alloge-
neic or xenogeneic (2, 3) tissue grafts
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enjoy prolonged survival relative to other
areas. Thus, these sites have been defined
as regions in the body where the immune
system appears not to function. One ex-
ample of such a site is the eye, where even
minor episodes of inflammation can result
in impaired vision or even blindness if the
inflammation proceeds unchecked. The
concept of immune privilege in the eye
has been extended to include infectious
organisms and tumor cells (4, 5), because
placing these into immune-privileged sites
does not elicit destructive or protective
immunity. Although several explanations
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have been offered for the phenomenon of
immune privilege in the eye (2-5), we
examined the possibility that infilerating
cells might be promptly induced to under-
go apoptosis, inasmuch as this has been
demonstrated for both central (6, 7) and
peripheral (8) tolerance in lymphocytes.
Furthermore, because Fas-FasL interac-
tions have been implicated in at least one
form of peripheral tolerance (9), we inves-
tigated whether the apoptotic signal gen-

.
‘e

Fig. 1. In situ detection of apoptosis in HSV-1-
infected eyes by TdT-mediated deoxyuridine 5'-
triphosphate nick end labeling (TUNEL) staining.
Paraffin sections of (A) B6, (B) B6*", and (C) B699
eyes 24 hours after injection of HSV-1 were
stained for apoptotic cells through the labeling of
nuclear DNA fragments. AC, anterior chamber; C,
corneg; IR, iris; PC, posterior chamber (26). Scale
bar, 0.0058 pm.
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erated by this interaction may function in
controlling immune traffic into the privi-
leged site of the eye.

We examined the fate of cells that infil-
trate the eye in response to infectious
agents by injecting herpes simplex virus—
type 1 [HSV-1 (KOS)] into the anterior
chamber of the eyes of C57BL/6 mice (Fig.
1A). This induced an infiltration of neutro-
phils and lymphocytes (5). Extensive apop-
tosis was observed in infiltrating cells 24
hours after infection, as detected by in situ
terminal deoxytransferase (TdT)—catalyzed
DNA nick end labeling (TUNEL) (10). To
test the possible role of Fas-FasL interac-
tions in this apoptosis, we infected animals

lacking Fas [lpr mice (11)] or FasL [gld mice
(12)] with HSV-1. Extensive infiltration
without associated apoptosis occurred in
both cases (Fig. 1, B and C). Thus, apopto-
sis in the infiltrating cells appears to depend
on functional Fas and FasL expression.
Under normal circumstances, the in-
flammatory response resulting from HSV-1
infection in the anterior chamber of the eye
is contained within the anterior segment,
with only minimal spread of inflammatory
cells into the posterior cavity and no inva-
sion of the retina by inflammatory cells or
virus. Therefore we examined the conse-
quences of defective FasL by comparing the
course of the infection in B6 mice with that

Fig. 2. Conseguences of not expressing functional FasL in the eye. (A, C, and E) B6, (B, D, and F) B69,
(G) chimeric B6 — gld, or (H) chimeric B6 — B6 mice (73) were injected in the AC of the eye as described
(Fig. 1). Eyes were removed 10 days after infection, processed for paraffin sections, and stained with
hematoxylin and eosin. AC, anterior chamber; Ce, corneal endothelium; Cp, corneal epithelium; GC,
ganglion cell layer; INL, inner nuclear layer; L, lens; ON, optic nerve; OS, outer segments; PC, posterior
chamber. Scale bar, 0.0116 pm.
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in B64“ mice (Fig. 2). A minimal number of
inflammatory cells associated with the ret-
ina, optic nerve, and cornea were observed
10 days after HSV-1 injection in B6 mice.
In contrast, comparable sections from B6#4
mice showed numerous inflammatory cells

A
100

80

60+

Dead cells (%)

40-

20+

L1210 L1210- L1210 L1210- L1210 L1210-
alone Fasalone + Fas + + Fas +
B6  B6OM o

in the posterior cavity, with cells attached
to, and invading, the retina and the optic
nerve. Numerous inflammatory cells at-
taching to and invading the cornea induced
keratitis. Although this suggested that FasL
expression in the eye was important, it was

L1210
alone

L1210-Fas L1210 L1210-Fas L1210
alone + + +
BALB/c  BALB/c  BALB/c

(+ Fas-Fc)

Fig. 3. In vitro killing of L1210-Fas T cell lymphoma by the anterior segment of the eye. (A) Co-incubation
of L1210 or L1210-Fas cells with B6 or B69" eye segments led to killing of L1210-Fas by B6 eyes only.
(B) Inclusion of the fusion protein Fas-Fc inhibited killing of L1210-Fas cells (27).

A 12 3 4 5 6 7
28S rRNA
18S rRNA A = FaslL

1 2 3 45 6 7

Fig. 4. FasL. mBNA expression in normal tissues
determined by Northern blot hybridization and RT-
PCR. (A) Total RNA was isolated from several tis-
sues of BALB/cByJ mice, resolved in agarose-form-
aldehyde gels, and analyzed by Northern hybridiza-
tion with *?P-labeled DNA fragments derived from

Actin

FasL

Actin

PCR for FasL or B-actin. Tissue samples are as follows: 1, eye (sample 1); 2, eye (sample 2); 3, testis; 4,
heart; 5, tail skin; 6, spleen; 7, thymus; rRNA, ribosomal RNA. (B) RT-PCR was performed on mRNA
isolated from the eye (Ey), testis (Te), heart (He), tail skin (Sk), spleen (Sp), and thymus (Th) (28).

Fig. 5. (A to C) Localization of FasL protein in the eye by immunohistochemistry with anti-FasL. CB, ciliary
body; Ce, corneal endothelium; Cp, corneal epithelium; GC, ganglion cells; INL, inner nuclear layer; IR,
iris; ONL, outer nuclear layer; OPL, outer plexiform layer; OS, outer segments of photoreceptors; PC,
posterior chamber; RE, retina (29). Scale bar, 0.0116 pm.
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still possible that the inflammatory cells in
gld mice were abnormal such that they ei-
ther produced a toxic effect in the eye or
simply could not be killed because of their
lack of functional FasL. To test this, we
prepared radiation bone marrow chimeras
(13) in which irradiated B6 or gld mice were
reconstituted with bone marrow from nor-
mal B6 mice. After infection, the gld mice
reconstituted with B6 bone marrow (Fig.
2G) had an intense inflammatory response,
with retinal invasion similar to that of gld
mice (Fig. 2B). In contrast, B6 mice recon-
stituted with B6 bone marrow contained
the inflammatory response (Fig. 2ZH). Thus,
defective FasL function results in a loss of
immune privilege in the eye with severe
consequences after infection. Furthermore,
the function of FasL in maintaining this
privilege is associated with expression in
compartments not derived from the bone
marrow.

In mice, Fas is expressed on a variety of
cell types, including lymphocytes (14) and
neutrophils (15), whereas FasL is ex-
pressed predominantly on activated T
cells (16, 17). Our results suggest that
FasL is also expressed on nonlymphoid
tissue in such immunologically privileged
sites as the eye. To examine this possibil-
ity in the absence of infiltrating T cells,
we placed isolated anterior segments from
the eyes of uninfected mice into culture
and inoculated them with L1210 or
L1210-Fas cells [murine T cell lymphoma
cells that are negative (low) or strongly
positive for Fas expression, respectively,
which do not express FasL (18)]. Despite
the absence of infiltrating T cells, the
Fas-positive cells underwent cell death in
the eyes from wild-type mice but not in
those from gld mice (Fig. 3A). Fas-nega-
tive cells did not die in either case. Fur-
thermore, the death of the Fas-positive
cells in eyes from normal animals was
blocked by the addition of a chimeric
protein, Fas-Fc (Fig. 3B), composed of ex-
tracellular Fas on human immunoglobulin
(Ig) heavy chain (16). Thus, the environ-
ment of the eye induces Fas-dependent
cell death in the absence of infiltrating
lymphocytes.

These results suggested that FasL was
present in the eye before the appearance
of infiltrating lymphocytes. We therefore
examined the expression of FasL by
Northern (RNA) blot and reverse tran-
scriptase—polymerase chain reaction (RT-
PCR) analysis of total RNA isolated from
the eye and from several other organs. We
confirmed that FasL was expressed in the
testis, spleen, and thymus, but not in the
heart or skin (Fig. 4, A and B) (14, 19).
FasL mRNA, however, was also expressed
in the eye. The location of FasL expression
in the eye was then determined immuno-
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histochemically with an antibody to FasL
(Fig. 5). Intense staining was found on the
corneal epithelium and endothelium, iris
and ciliary body, and throughout the ret-
ina. Addition of a competitive peptide
inhibited staining in these locations, ver-
ifying the specificity of the antibody reac-
tion with the ocular tissue. Staining was
also observed in the spleen and testis,
which were positive for FasL mRNA ex-
pression. The heart, which does not ex-
press FasL mRNA, was negative (20).

Cellular immune reactions and their as-
sociated inflammatory responses can cause
nonspecific injury to nearby tissue. Al-
though most organ systems can tolerate such
inflammation without permanent conse-
quences, this is not true for the eye. The
immune privilege of the eye is thought to be
one mechanism by which the visual axis is
protected from dangerous immune reactions.
It has long been thought that immune priv-
ilege was maintained by the sequestration of
antigens, the lack of lymphatic drainage,
and the blood-ocular barrier (2, 3, 21).
These mechanisms would prevent cells from
entering and antigen from leaving the eye,
and thus the immune system would simply
ignore the_ area. It is now known that not
only do antigens placed in the eye gain
access to the immune system, but activated
cells can enter the eye as well (22). It has
been shown that immune privilege may be
maintained partially by the local produc-
tion and release of immunosuppressive cy-
tokines (23, 24) and neuropeptides (25).
Our results here show that the induction
of apoptosis by Fas-FasL interactions is a
potent mechanism of immune privilege;
the consequences of defective FasL for the
eye can be the spread of dangerous inflam-
matory responses. Through the expression
of FasL, the eye directly kills activated
cells that might invade the globe and de-
stroy vision by reacting with (or near)
important structures such as the retina.
FasL expression in the testis may perform a
similar function for this immune-privi-
leged site (14, 19). Thus, immune privi-
lege is not simply a passive process involv-
ing physical barriers; rather, it is an active
process’ that uses an important natural
mechanism to induce cell death in poten-
tially dangerous infiltrating lymphoid and
myeloid cells.
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The KOS strain of HSV-1 was injected into the
anterior chamber (AC) of the eye in 0.005-ml vol-
ume with a 0.25-ml Hamilton microliter syringe
(Hamilton, Reno, NV) fitted with a 33-gauge nee-
dle. Mice were anesthetized with Metofane me-
thoxyflurane (Pitman-Moore, Washington Cross-
ing, NJ), and injections were done under a dissect-
ing microscope. Each injection contained 2.5 X
10 plaque-forming units of virus. After 24 hours,
the eyes were removed, fixed in Formalin, and pro-
cessed for paraffin sectioning. Ten-micrometer
sections of the eye were mounted onto microscope
slides and incubated overnight at 55°C. Tissue
sections were deparaffinized by washing twice for
5 min in xylene, twice for 5 min in absolute ethanol,
and once each for 3 min in 95% ethanol, 3 min in
70% ethanol, and 5 min in phosphate-buffered sa-
line (PBS). Protein present in the sections was di-
gested with proteinase K (20 wg/ml) for 15 min at
room temperature. After four washes in distilled
water, endogenous peroxidase was quenched with
2.0% H,O, for 5 min at room temperature and
sections were washed twice in PBS. Labeling of
3'-OH-fragmented DNA ends was performed with
an in situ apoptosis detection kit (ApopTag; Oncor,
Gaithersburg, MD) following the manufacturer’s in-
structions. We detected labeled ends with kit-sup-
plied antibody to digoxigenin peroxidase and de-
velopment of diaminobenzidene (DAB) substrate
(DAB substrate kit; Vector, Burlingham, CA).
Anterior eye segments from B6 or B69“ mice were
isolated from freshly removed eyes under a dis-
secting microscope by cutting directly posterior
to the limbus. Tissue was then placed in round-
bottom 96-well plates. L1210 or L1210-Fas cells
(10%) were placed within the AC with a tubercu-

lin syringe fitted with a 27-gauge needle. After .

24-hour culture, the AC was removed from the
well, placed in Trypan blue-PBS, and gently vor-
texed to remove the cells. Cell viability was deter-
mined on a hemocytometer by Trypan blue exclu-
sion. Isolated BALB/c anterior segments were in-
cubated with L1210-Fas cells containing Fas-Fc
(10 wg/ml). Viable and dead cells were counted at
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28.

29.

30.

24 hours by Trypan blue exclusion.

Total RNA was isolated from frozen and ground
tissues with TRIzol reagent (Life Technologies,
Gaithersburg, MD) as per the manufacturer’s in-
structions, and 5 ng was loaded onto an agarose
(1%, w/v)-formaldehyde (4%, v/v) gel and resolved
by electrophoresis. RNA was transferred to nylon
membrane (maximum strength Nytran Plus; Schiei-
cher & Schuell, Keene, NH). The immobilized RNA
was probed with 32P-labeled PCR products made
from FasL and B-actin complementary DNAs. La-
beling of PCR fragments was done by random
priming with the Prime-a-Gene labeling system
(Promega, Madison, WI). Primers used to generate
the probes were FasL (forward, 5'-AAGCT-
TCAGCTCTTCCACCTG-3'; reverse, 5'-ATGAAT-
TCCTGGTGCCCATG-3") and B-actin (forward, 5'-
TGGAATCCTGTGGCATCCATGAAAC-3'; reverse,
5'-TAAAACGCAGCTCAGTAACAGTCCG-3'),
which gave a 590-base pair and a 349-base pair
product, respectively. Conditions for PCR were op-
timized to give only the desired products. FasL
conditions were 95°C for 1 min, 65°C for 1.5 min,
and 72°C for 2 min for 40 cycles; B-actin cycle
conditions were 95°C for 1 min, 65°C for 1.5 min,
and 72°C for 2 min for 22 cycles. Hybridization was
performed under high-stringency conditions, with
prehybridization and hybridization performed at
55°C in Rapid-hyb buffer (Amersham) and the 32P-
labeled probe added at 750,000 cpm/mi of buffer,
Stringency washes of probed membrane consisted
of one wash for 20 minin 2 standard saline citrate
(SSC) and 0.1% (w/v) SDS at room temperature,
followed by two washes for 15 min in 0.2X SSC
and 0.1% (w/v) SDS at 60°C. RNA samples (1 g
each) were tested for DNA contamination by 40
cycles of PCR with B-actin primers. Complemen-
tary DNA was synthesized with an RNA PCR kit
(Perkin-Elmer, Norwalk, CT) with the supplied
oligo(dT ), primer. Reverse transcription was done
by using a thermal program of 25°C for 10 min,
42°C for 30 min, and 95°C for &5 min, and PCR was
done on the RT reactions with primers specific for
FaslL and B-actin. Samples were resolved on 2%
agarose gel and visualized with ethidium bromide.
Normal eyes were removed and quick-frozen in
OCT embedding compound (Miles, Elkhart, IN)
with 2-methylbutane and dry ice. Ten-micrometer
sections were cut and mounted on microscope
slides and then air-dried for 30 min. After fixation in
4% paraformaldehyde for 1 hour, sections were
rinsed in PBS and endogenous peroxidase was
quenched with 1.0% H,O, for 5 min at room tem-
perature. Sections were rinsed twice in PBS and
then blocked with 5% normal goat serum and 0.3%
Triton X-100 in PBS for 30 min at room tempera-
ture. A polyclonal antibody to FasL (anti-FasL; San-
ta Cruz Biotechnology, Santa Cruz, CA) was added
to the sections at 0.1 wg/ml in 1% normal goat
serum and 0.3% Triton X-100 in PBS for 1 hour at
room temperature. Sections were washed three
times for 5 min in PBS, followed by the addition of
peroxidase-conjugated goat antibody to rabbit Ig (1
wg/ml; Jackson ImmunoResearch) for 1 hour at room
temperature. After washing three times for 5 min in
PBS, antibody location was determined with the ad-
diton of DAB substrate (ImmunoPure metal-en-
hanced DAB substrate kit; Pierce) for 5 min. Color
development was stopped by washing in water. The
antiserum was raised to a peptide corresponding to
amino acids 2 to 19 at the NH,-terminus of rat FasL.
and cross-reacted with rat and mouse FasL by im-
munoblot (Santa Cruz Biotechnology) and immuno-
histochemistry (20). Staining in the presence of inhib-
itor peptide (amino acids 2 to 19 at 1 ug/ml) and
staining with rabbit IgG were negative (20).
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