
T c  test the effect of \XI c r i ~ ~ c e ~ ~ t r a t i i ~ n  111 

the cacsi.ting metal and sllicate phase. o n  
partitioning, we used 01111- 5% by lvcight of 
LV 111 the hulk ccimposition a t  2 GPa  and 
2339 K (Fig. la, solid square). K'lthin un- 
certainty, our result n.as cons~stent  w ~ t h  
ilata obtalneil ~vitlh the usual 13% of W/ In 
the hulk com~?osition. This result sueeests , ,-, 
that ileviatlons fl-om Henry's law cannot 
account for the ohserved effect ot s~llcate 
melt composition cin partltionlng. A t  con- 
htant values of ic:, temperature, pressure, 
allii LV colicentratloli 111 the bulk composi- 
tion, variations 111 Si/blg from 1.3 to 3.7 
produced nearl>- an  order of magnituile 
change In \,alucs of D,,,,t/<,I, whereas chanr- 
Ing the K' concelitration b\- half proiluceil 
n o  ohservahle change in partitioning. 

Segregation of llietal from slllcatc to 
form Earth's core a1mo.t certainly 111- 

volvcd both a liuuid ~l ie tnl  and a silicate 
melt ,  although the  amount of slllcate melt  
necessar>- to promote metal segregation 

coulil be small ( 2 Q ) .  Depending o ~ i  the  
dcgrcc of meltlng, the  .illcare lllclt in  
euu i l i l~ r~um with metal c o ~ ~ l c l  ranee cs.en- 
tiall\- from hasalt ( l o ~ v  melt  fraction) to  
peridotite (hizli ~ l i e l t  fraction). For a value 
off,,, at  which core segregation n.111 leave 
a mantle ~ v i t h  -9% FeO h\- ~veight ,  D ,,,* 
for W/ is a ~ i d  for b lo  is - l G 5 ,  in a 
nlclt of basaltic composition (Fig. 2).  
Ho~vever ,  in a peridotitic melt ,  D ,,,e for 
\SI anil h'lo clrous to -13' and - l G 3 ,  re- 
.pect~vcl\- .  Thu., depcllcll~ig 011 tlic Jegree 
of melting of the  niantle in the  Earth's 
earl\- histor\-, W/ anil h'lo partitioli coeffi- 
clelits call val-y ~ v e r  t ~ v o  01-ilers of ~liaglll- 
t~lcle. Rlliell the  adJec1 effects of tcm~lera-  
turc and pressure on h'lo partitioning arc 
taken illto account (for exaniule, increas- 
ing pressure hy  5 GPa anil temperature by 
533  K ilecrcaces the value of D for blo b\- 
a h o ~ ~ t  1 log unit)  the  niagnituiie of the  
abundance. of LV and hlo in the  upper 
nlnntle call be esulained bx- cauilibrium , L 

hc taccn  liquicl-metal and ultra-mafic sili- 
cate ~ l l c l t  a t  high prcscures and tcmpera- 
tures (Fig. 2).  This result gives support to 
111odels that  sholv the  core segregatllig 
fro111 a higlil\- or completcl\- molten earl>- 
E a r t l ~ .  
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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 gld mice, which lackfunction- 
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 FasL-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. 

T h a t  some sites in the  hod>- are immuno- 
loglcall\- "privilegecl" has b e e ~ i  recogni:e~l 
for more tliali 123 years ( I ) .  Clas.lcall\-, 
a n  immune-pri~.ilepeil site is wlierc allogc- 
neic or seliogeneic ( 2 .  3 )  tlssue grafts 
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-To "*#ham corresuondence si-oud be addressed 

enjoy prolo~igcd survival relative to  other 
area.. Thu., these sites ha\-e been defineii 
a. regions in the  hoily ~vlhere the  immm~ne 
.\-stem appears liot to function. O n e  ex- 
ample ot .uch a site is the  e>-e, where even 
niinor cpisoiles 17f ilitlamlllation can result 
in impaired vision or even hllliiiness if the  
in i l ammat~on  proceeiis ~~ncl icckci l .  Tlic 
concept of i rnrn~~l le  privilege in the  c\-c 
lias hccn extended to  ilicluiie ~nfect ic~us  
organisms anii tumor cells (4. 51, l~ecause 
placing these into immune-pr i~~l le& sltzs 
does not eliclt iiestructive or  protective 

~rnmunit>-.  A l t l ~ o ~ ~ g l ~  several c sp lana t~on .  
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have been offered for the phenomenon of 
immune privilege in the eye (2-5), we 
examined the possibility that infiltrating 
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- 

erated bv this interaction mav 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 C57BL16 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 bv in situ 
terminal deoxytransferase (T~T)-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 (1 1 )] 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 

paraffin sections of (A) B6, (B~B~IP~, and (C) ~ssld Fig. 2. Consequences of not expressing functional FasL in the eye. (A, C, and E) B6, (B, D, and F) BWM, 
eyes 24 hours after injection of HSV-1 were (G) chimeric B6 +gld, or (H) chimeric B6 + B6 mice (13) were injected in the AC of the eye as described 
stained for apoptotic cells through the labeling of (Fig. 1). Eyes were removed 10 days after infection, processed for paraffin sections, and stained with 
nuclear DNA fragments. AC, anterior chamber; C, hematoxylin and eosin. AC, anterior chamber; Ce, corneal endothelium; Cp, corneal epithelium; GC, 
cornea; IR, iris; PC, posterior chamber (26). Scale ganglion cell layer; INL, inner nuclear layer; L, lens; ON, optic nerve; OS, outer segments; PC, posterior 
bar, 0.0058 pm. chamber. Scale bar, 0.01 16 pm. 
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in B6R' mice (Fig. 2). A minimal number of in the posterior cavity, with cells attached 
inflammatory cells associated with the ret- to, and invading, the retina and the optic 
ina, optic nerve, and cornea were observed nerve. Numerous inflammatory cells at- 
10 days after HSV-1 injection in B6 mice. taching to and invading the cornea induced 
In contrast, comparable sections from B6gu keratitis. Although this suggested that FasL 
mice showed numerous inflammatory cells expression in the eye was important, it was 

80 - 

0 
0 

L1210 L1210-FaS L1210 L1210-Fas L1210 
alone Fas alone + Fas t + F a s t  alone alone t + + 

06 0 6  0 6 2  OGpM BALBIc BALBIc BALBIc 
( t  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 BWid 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 1 2 3 4 5 6 7  

28s rRNA 

18s rRNA r - FasL 

MI. 

Fig. 4. FasL mRNA expression in normal t i i  
determined by Nwthem blot hybridiition and RT- 
PCR. (A) Total RNA was isolated from several tis- 
sues of W c B y J  mice, resobed in agarose-forrn- 
aldehyde gels, and a d p e d  by Northern hybridiza- 
tion with 32P-labeled DNA fragments derived from 
FCR for FasL or p-actin. Tissue samples are as follows: 1, eye (sample 1); 2, eye (sample 2): 3, testis; 4, 
heart; 5, tail skin; 6, s p h ;  7, thymus; rRNA, ribosomal RNA. (B) RT-PCR was performed on mRNA 
isolated from the eye (Ey), testis (Te), haart (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, 0.01 16 Fm. 

still possible that the inflammatory cells in 
gld mice were abnormal such that they ei- 
ther produced a toxic effect in the eye or 
s im~lv could not be killed because of their 
lack of functional FasL. To test this, we 
prepared radiation bone marrow chimeras 
(1 3) 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. 2H). Thus, 
defective FasL function results in a loss of 
immune privilege in the eye with severe 
conseauences 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)l. 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 eve induces Fas-de~endent 
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) analvsis 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 ex~ressed 
in the eye. The location of FasL expression 
in the eye was then determined immuno- 
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histochemically ~ v i t h  ,111 antihoiiy to  FasL 
(Flg. 5 ) .  Intense staining was founil on the  
cor~-ie,il e ~ i t l l e l i u m  anil enilothelium, iris 
,incl ciliary body, and throughout the  ret- 
in,i. Acli1itiol-i of a competitive peptide 
inhihiteil st;iinil-ig in  these locations, ver- 
ifying the  speciticity of the  al-itiboil\- reac- 
t ion ~vl t l l  the  ocular tissue. Staininir Lvas 
also observed in the  spleen and testis, 
\vhicli Lvere positive for FasL II-IRNA ex- 
pression. T h e  heart ,  which does not  ex- 
pressFasL m R N A ,  Lvas negat i \~e  (20) .  

Cellular imm~lne reactions ,lnd their as- 
soci,iteil inflalnmatory responses can cause 
~iolispcclfic injur\- to nearby tissue. Al- 
tho~lgh most orgall systems can tolerate such 
intlanlmatioli witllout perlnanent conse- 
q u e n c e ~  this is not true for the eye. T h e  
ill-imllne privilege of the eye is thought to be 
one mec11anis~l-i h7 whic l~  the visual axis is 
protecteil from ilangerous immune reactiol-is. 
It has long been thougl-it that irnlllune priv- 
ilege wa\ maintaineil hy the seilllestration of 
antigens, the lack of lymphatic ilrain,ige, 
and the bloocl-ocular barrier (2 .  3 .  21 ). 
These mechanisms 1~7ollld ore\7ent cells from 
enteril-ig ;!allel antigen fro111 leaving the eye, 
anil thus the imml~l-ie s\-stem ~voulil simply 
Ignore the. area. It is n o ~ v  known that not 
only J o  antigens placeil in the eye g;iin 
access to the ilnrnll~ie system, hut ,lcti\.ated 
cells call enter the eye as well (22).  It has 
lieen s l io \~~- i  that  ilnlnllne privilege may be 
maint,iined hy the  local proiluc- 
t ion anil release of immunosl~pprcssi\.e cy- 
tokil-ics ( 2 3 ,  24) and neuropeptiiles (25) .  
Our  res~llts here s h o ~ v  that the  il-iiiuction 
of apoptosis by Fas-FasL interactiol-is is a 
potent ~ ~ ~ e c l l a n i s n l  of i l l i l l l~~ne privilege; 
the  conseque~-ices of ilefective FasL for the  
c\-c can be the  spreacl of dallgerous inflanl- 
nlatory re.pol-ises. T h r o ~ l g h  tlie expression 
of FasL, the  eye directly kills ,ictivated 
cells that  might i n \ ~ a J e  the  glohe al-i~l cle- 
stroy vision by reacting with (or near) 
imuort ,~nt  structures such as the  re tin,^. 

FasL expressioll in  the  testis may perform a 
similar f u n c t ~ o n  tor this ~ m m l ~ ~ - i e - p r ~ \ ~ i -  
IegeJ site (14,  19) .  Thus, irnll-iune privl- 
lcge is not  simpl\- a passive process involv- 
ing physical harriers; rather, it i. a n  active 
process that uses a n  important natural 
lnechalllslll t o  ind~ lce  cell ~ l c a t h  in poten- 
ti;illy dangerous infiltratil-ig lynlphoid anii 
myeloiii cells. 
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u n e  w ~ t h  a 0.25-nil Han~l ton m~cfol~ter syringe 
( H a n t o n ,  Reno. NV) fitted w ~ t h  a 33-gauge n e e  ". 

dle, iv:ice vdere anesthetzed v511th Metofane nie- 
thoxyilurane (P~tnan-iv:oore. iY/ash~ngtoli Cross- 
n g .  NJ) and njectons vdere done under a dssect- 
n g  microscope Each nject~ol i  conta~ned 2.5 x 
10- plaque-fsrning unts  sf vrus. After 24 hours. 
the eyes were renioved, fxed in Fornialn, and pro- 
cessed fsr paraff~n sectisnllig Ten-~n~c"snieter 
sectons sf the eye v'lere nounted snto n i~c~sscope  
sl~des and Incubated overn~ght at 55-C T~ssue 
seci~ons \yere deparaffnlzed by v/ashng tvd~ce fsr 
5 mln n xyene, twce  for 5 n n n absolute ethanol. 
and once eacli for 3 m n  n 95'0 etlianol. 3 n i n  n 
7 0 " ~  ethanol, and 5 m n  in phospliate-b~lffered sa- 
Ine IPBS) Proten present n the sectons v/as d -  
gested vdtli prstenase K (20 ~ g l l n l )  for 15 m n  at 
rooni teniperature. A'ter isur washes n d ~ s t e d  
water endsgenous peroxdase was q~~enched  vdth 
2 .0 "~  H707  for 5 n?~n at r s o n  teniperature and 
sectsns v'lere v'lashed tvd~ce n PBS Labeng of 
3'-OH-fragniented DNA ends vdas peiormed w t h  
an n s t i ~  apoptoss detecton k t  (ApopTag: Oncor. 
Ga~thersburg, MD) fsllsvdng the n?anufacturer's n -  
struct~ons. iY/e detected labeled ends w t h  4t-sup- 
pled antbody to dgox~aenn  pecxdase and de- 
velopment of d~ani~nobenz~dene (DAB) substrate 
iDAB substrate k ~ t :  Vector. Burlnghan, CAI. 

27 Aliter~or eye seglments i r o n  6 6  sr B67'< m c e  were 
solated i r o n  freshly renioved eyes undef a d s -  
sectlng nlcroscspe by cutt~ng d~rectly postsrlor 
ts  the I ,nbus T~ssue was then placed n round- 
bsttsni 96-well plates. L1210 or L1210-Fas cels 30. 

( I  0 -1  v'lere piaced w t h n  the AC v511th a tuberc~l-  
11n syringe f~tted w ~ t h  a 27-gauge needle. After 
24-hs i~r  culture, the AC vdas removed from the 
vdell, placed In Trypan bli~e-PBS, and gently vor- 
texed to relnsve the cells Cell vab i t y  was deter- 
nined on a heniocytsmeter by Trypan blue exclu- 
s ~ o n  lsslated BALB,c anteror segnients were in- 
cubated vd~th L1210-Fas cells contanng Fas-Fc 
(10 kglml l .  Mabe  and dead c e s  were coLnted at 

2A thours by Trypan blue exclus~sn. 
Total RNA was ~solated from frszen and ground 
t~ssues vdith TRlzo reagent (L~fe Technslogles, 
Ga~thersburg, MD) as per the ~iianufacturer's n -  
s t r ~ c t ~ s n s .  and 5 p.g v/as loaded onto an agarose 
(1 %, v11v)-for~naldehyde (4 i~ ,  vlv) gel and resolved 
by electrophsres~s. RNA was transferred to nylon 
~menbrane (naxn -un  strength Nytran Plus: Schlei- 
cher & Schuell, Keene. NHI. The i n m o b ~ z e d  RNA 
vdas probed vdith 3'Plabeled PCR products lnade 
frsni FasL and p-ac t~n csmplenientary DNAs La- 
b e n g  of PCR fragments vdas dsne by randon 
p r~n ing  vd~th the Prime-a-Gene abellng systen 
1Pronega blad~son. \,"/I) Prn?ers used to generate 
tl ie probes were FasL (forvdard 5'-AAGCT- 
TCAGCTCTTCCACCTG-3': reverse, 5-ATGAAT- 
TCCTGGTGCCCATG-3') atid p-ac t~n (for~.fidard 5 ' -  
TGGAATCCTGTGGCATCCATGAAACX reverse, 
5 -TAAAACGCAGCTCAGTAACAGTCCG3'1 .  
which gave a 590-base palr and a 3A9-base p a r  
product, respectvey. Cond~tons fsr PCR were sp- 
t n z e d  to gve only tile desred products. FasL 
condftsns were 95'C for i m n  65'C for 1.5 mln 
and 72'C for 2 n n  for 40 cycles P-actn cycle 
csnd~t~sns vdere 95'C fo" 1 n n ,  65'C for 1 .5 m n .  
and 72'C fsr 2 m n  for 22 cycles. Hybrld~zaton vdas 
peiornied ulider hgh-strngency cond~t~ons, w ~ t l i  
prehybr~d~zat~on and hybr~d~zat~sn perfornied at 
55'C 11 Rapd-hyb buffer (Anersham) and the 32P- 
labeled probe added at 750,000 cp~mlml of buyer 
Strngency washes of probed membrane cons~sted 
of one wash fof 20 n l n  In 2 x  standard saline ctrate 
(SSC) and 0 1 OC (\l/v) SDS at roolm teniperature. 
fssvded by tv>~s vdashes for 15 n i  n n 0 . 2 ~  SSC 
and 0 . I o o  jvhv) SDS at GO'C. RNA samples 11 1 ~ g  
each) were tested fo'. DNA contanlnatlon by 40 
cycles of PCR w~ t t i  P-actn pr ners .  Csmpenien- 
tary DNA vdas synthes~zed v511th an RNA PCR k ~ t  
iPerk~n-Elnec. Norwalk. CTI w ~ t h  the supplied 
o l ~ g s ( d ~ r ) , ~  prmer. Rej~erse transcript on was dsne 
by ilslng a thermal program of 25'C for 10 n l n  
42'C fsr 30 n ln ,  and 95'C foc 5 n ln ,  and PCR v/as 
done on the RT reactsns vd~th prlniers specif c for 
FasL and p-act~n. Samples were ressved on 2 " i  
agarose gel and v~s i~a l zed  w ~ t h  ethidum bromde. 
Nornial eyes wefe renoved and qu~ck-frozen n 
OCT enbedd~ng conpound (id~les, Elkhart, N I  
vd~th 2-nlethy'butane and dry ice Ten-niicroneter 
sect~ons were cut and rnsunted on microscope 
sldes and then ar-dried for 30 n n .  After fixaton In 
4% parafsrmaldehyde for 1 liour, sections vdere 
r~nsed n PBS and endogenous peroxidase v/as 
quenched w t h  I .Oio H,O, for 5 n i n  at room telm- 
perature. Sect~ons v/ere r~nsed tvdice in PBS and 
tlien blocked \vith 5?/i normal goat serum and 0.3?/~ 
Tr~ton X- I00 n PBS for 30 n n  at roon? tempera- 
ture. A polyclonal antbsdy to FasL (ant-FasL San- 
ta Crur Biotechnosgy Santa Cruz, CAI was added 
i s  the sectlsns at 0.1 l~g' lml in I Ti nornla goat 
serun and 0 3Oi T f ton X-100 n PBS for 1 hour at 
r s o n  teniperature Sect~ons vdere vdashed three 
tnies for 5 m n  n PBS, followed by the adclton of 
perox~dase-conjugated goat antbsdy ts rabbt g 11 
kg:nl: Jackson Iln~ni~noResearch) fsr 1 ho i~r  at roon 
temperature After v/ashng three tlrles for 5 n l n  n 
PBS, antbody locatsn v/as deternlned vdth tlie ad- 
d ~ t ~ s n  of DAB substrate ( I n n u n s P ~ ~ r e  nietal-en- 
hanced DAB s~~bstrate k ~ t  P~erce) for 5 mln. Color 
develspnent vdas stopped by v'lashng n vdater The 
ant~serulm vdas ra~sed ts a peptde csrrespsndng ts 
amno ac~ds 2 to 19 at tlie NH,-tern~nus of rat FasL 
and crsss-reacted w th  rat and nouse FasL by m -  
nunoblot (Santa Cruz B~stechnology) and nirnulio- 
h~stochenstry (20). Stanlng n the presence of n h b -  
tor peptde (anno  acds 2 to 19 at 1 kg. nl) and 
stanng v ~ t h  rabb~t IgG were negatve (20) 
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