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CAD protein was detected by the biotin-streptavidin- 
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Misselected CD8 cells that express T cell receptors (TCRs) that do not recognize 
class I major histocompatibility complex (MHC) protein can emerge from 
thymic selection. A postthymic quality control mechanism that purges these 
cells from the repertoire is defined here. The failure of mature CD8 cells to 
simultaneously engage their TCR and CD8 coreceptor triggers an activation 
process that begins with inhibition of CD8 gene expression through remeth- 
ylation and concludes with up-regulation of surface Fas and Fas ligand and 
cellular apoptosis. Thus, inhibition of a death signal through continued TCR-CD8 
coengagement of MHC molecules is a key checkpoint for the continued survival 
of correctly selected T cells. Molecular defects that prevent delivery of the death 
signal to mistakenly selected T cells underlie the expansion of double-negative 
T cells, which is the cellular signature of a subset of systemic autoimmune 
diseases. 

The selection process in the thymus that reg- 
ulates the repertoire of T cell subsets is ef- 
fective but not foolproof. Thymocytes that 
coexpress CD8 nornlally recognize MHC 
class I. but class 11-reactive CD8 cells can 
rnistalcenly arise through interactions either 
with strong peptide agonists or with self- 
peptides that antagonize CD4 but not CD8 
cell activation ( I ) ,  perhaps reflecting reduced 
p56'"" signaling (2) or up-regulation of Notch 
1 (3). T cells bearing antigen receptors that do 
not functionally engage self-MHC products 
can also emerge from the thymus (4).  Al- 
though CD8 cells that bear mismatched TCRs 
may be fi~nctionally active in vitro (1, 51, they 
do not contribute substantially to normal im- 
mune responses ( 6 ) .  Thus, CD8 cells that 
express TCRs that fail to engage class I may 
normally be inactivated by a postthymic 
mechanism. 

We first examined the fate of CD8 cells 
that express a TCR that does not interact with 
class I MHC. CD8 cells bearing the class 
11-restricted DO 11.10 TCR transgene survive 
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thymic selection and are exported in substan- 
tial nu~nbers to peripheral tissues (2, 7). 
However, our observations indicate that they 
do not express a stable CD8 phenotype. 
Within 2 to 3 days after the adoptive transfer 
of purified DO1 1 CD8 cells into syngeneic 
Balb!C (H-2", P,M~.'+) or MHC-deficient 
(C57BL'6J P2M-'  X I-ADb'-) hosts, these 
cells down-regulate CD8 coreceptor expres- 
sion (Fig. 1A). The kinetics of CD8 down- 
regulation in syngeneic hosts and in hosts 
deficient in both class I and class I1 MHC are 
equivalent despite the availability in nol~nal 
hosts of class I MHC for CD8 engagement 
and class I1 MHC for TCR engagement. In 
contrast. CD8 cells that express a TCR trans- 
gene specific for a class I-restricted antigen 
[histocompatibility-Y antigen (H-Y)] (8 )  con- 
tinue to express the CD8 coreceptor after a 
similar period in adoptive syngeneic (female) 
hosts (Fig. I). Thus, CD8 engagement seems 
necessary for stable CD8 expression. 

To f~lrther test the hypothesis that contin- 
ued expression of the CD8 receptor may re- 
quire coengagement of CD8 and TCR by 
MHC class I peptide complexes in peripheral 
tissues. we tested the effects of class I defi- 
ciency on continued expression of CD8 by 
peripheral T cells. CD8 cells from P,M' ' 
(Thy I.  1') mice were infused into syngeneic 
P 2 M - '  or P,M"+ (Thy 1.2+) hosts. Within 
5 to 10 days, virtually all donor cells recov- 
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Days after transfer Days after transfer 

Fig. 1. (A) Expression of CD8 after adoptive transfer of 
MHC class I- or class Il-restricted CD8 cells. The mean 
number of CD8 (solid circles) or DN (open circles) T loo 

cells recovered from the lymph nodes and spleen of - 
adoptive hosts expressed as numbers of cells per indi- 8 50 
vidual recipient mouse is shown. CD8 cells from 2 
C57BL6lJ Rag 2-I- anti-H-Y TCR transgenic (tg) female O 
donors (>98% CD8' H-Y tg' and 4 %  DN H-Y tg') ;loo 
were transferred (2 X lo6 cells per mouse) to  age- 
matched female C57BU61 fB2M+/+1 hosts 181: CD8 ' 50 
cells that expressed  DO^ i ~ C R  t g  (93 t o  9 8 % ' ~ ~ 8 +  m-:, _I 1- 
KJ-26.1+ and < I %  DN KJ-26.1+) were similarly trans- 5 10 15200 5 10 15 20 
ferred t o  syngeneic Balblc (P,M+'+) or t o  C57BU6J Days after transfer 
MHC-deficient fB-M-I- X IAOb-I-1 hosts 1291. Cells were 
recovered andV&umeratea aher simul~aneous staining with FITC-conjugated monoclonal 
antibodies (mAb's) specific for the clonotypic t g  TCR [T3.70 for anti-H-Y TCR and KJ-26.1 for 
D o l l ,  CD8 CYC, and CD4 PE at the indicated time points as described (30)]. Data shown 
represent three independent series of experiments 2 SD (error bars). (B) Adoptive transfer of 
CD8 cells into syngeneic P,M+/+ and P2M-/- hosts. Numbers of CD8 and DN T cells recovered 
from the lymph nodes and spleen of C57BV6 P2M+'+ (solid circles) or C57BU6 P,M-/- (open 
circles) hosts are shown as the mean recovered number of cells per mouse. CD8 cells (3 X lo6) 
purified from the Lymph nodes of C57BU6J Thyl.1 donors (28) were transferred t o  age- and 
sex-matched syngeneic C57BLl6J (Thyl.2) hosts; recovered; stained with mAb's specific for 
Thyl.1, CD8, and CD4; and enumerated at the indicated time points (30). Each point represents 
the mean of three t o  six experiments and 6 t o  15 mice per group. Contaminant DN cells in 
donor CD8 T cell inocula was <1.0%. (C) The proportion (percentage) of CD8 cells (solid 
circles) and DN cells (open circles) within the donor population at the indicated time points 
after transfer are shown. Each point represents the mean of two t o  six experiments and 4 t o  
15 mice per group. 

Fig. 2. Expression of A 
CD8aP RNA is down- In vltro culture 

regulated in CD8 
cells from P,M"- mice. 
(A) In vitro culture 
FACS-sorted (28) CD8 
cells from wild-type 
B6.p2M+'' or B6.P2M-" 
(T cells, >98% CD8 and 
<3% DN) mice incubat- 
ed for 4 hours in 5% fetal 
bovine serum Dulbecco's 
minimum essential me- 

Donor: 

dium and analyzed by 
flow cytometly for CD8 

uu 
(clone 53.67, PE) and 

CDI 

CD4 (RM4-5, CYC) expression. The number of apoptotic cells 
assayed by annexin V FlTC reactivity was <3%. These cells B 
were also treated with 0.04% Dronase before incubation at 
37OC for 48 hours and FACS analisis. Expression of surface CD8 
and CD4 on viable (forward scatter') cells is representative of 
one of three independent experiments. (B) Semiquantitative 
RT-PCR detection of CD&P gene expression. After isolation of 
RNA from CD8 cells (97% pure) from lymphoid tissues of 
6-week-old C57BU6J p,M-" or C57BU6 P2M-I- mice (Jack- 
son Laboratory, Bar Harbor, ME) through positive selection with 
anti-CD8u (clone 3.155)-conjugated magnetic beads (Dynal), 
cells were resuspended in Trizol for RNA extraction (Gibco- 
BRL), and equal amounts of RNA were analyzed by semiquan- 
titative RT-PCR as described (24). The results shown are rep- 
resentative of four independent experiments. 

+ Pronase 

ered from P2M-/- mice expressed a CD4- 
CD8- [double negative (DN)] phenotype, 
similar to the fate o f  DO1 1 class 11-specific 
CD8 cells in a normal M H C  environment 
(Fig. 1B). In contrast, CD8 cells that were 
recovered from P2M+/+ hosts continued to 
express this c o r e k t o r  over the entire (3- 
week) period o f  observation (Fig. 1, B and 
C), similar to the fate o f  adoptively trans- 
ferred CD8 cells expressing a class I-restrict- 
ed TCR transgene (Fig. 1A). Thus, even cor- 
rectly selected CD8 cells rapidly down-regu- 
late their CD8 coreceptor when transferred to 
a lymphoid environment that is deficient in 
class I M H C  products. Coreceptor down-reg- 
ulation in an MHC-deficient environment is 
specific for the CD8 lineage, because purified 
CD4 cells transferred to M H C  class II-defi- 
cient (IApbl-) hosts (or, for that matter, 
P,M-/- hosts) maintained normal CD4 core- 
ceptor expression (9). 

Mice that cany the P2M-'- mutation, al- 
though severely deficient in expression o f  
class I M H C  self-peptide complexes, harbor 
substantial numbers o f  CD8 cells in their 
peripheral lymphoid tissues (10). In view o f  
the above results suggesting coreceptor 
down-regulation in class I-deficient environ- 
ments, we tested whether CD8 expression on 
these cells reflected stable and active synthe- 
sis o f  the CD8 protein. CD8 cells from 
P2M-/- but not P2M+/+ mice began to lose 
expression o f  surface CD8 protein within 4 
hours o f  in vitro culture and d id not resyn- 
thesize CD8 proteins after enzymatic removal 
(Fig. 2A), in contrast to the unchanged or 
elevated levels o f  CD8 on activated and 
memory T cells (11). An analysis o f  genes 
expressed by  purified CD8 cell; from P;M-/- 
mice also showed that these cells express 
little or no CD8a or CD8P R N A  (Fig. 2B), 
consistent with their "lame duck" status with 
respect to CD8 expression. These cells have 
also down-regulated expression o f  the gran- 
zyme B gene, which mediates cytotoxic ef- 
fector activity o f  CD8 cells, whereas expres- 
sion o f  housekeeping genes, such as actin and 
glyceraldehyde phosphate dehydrogenase 
(GAPDH), was unchanged (12). Additional 
analysis o f  gene expression in CD8 cells that 
were unable to engage class I M H C  in pe- 
ripheral tissues indicated reduced expression 
o f  the lung Kruppel-like factor (LKLF), 
which normally acts to inhibit Fas ligand 
(FasL) expression (13), and markedly elevat- 
ed levels o f  FasL (12). 

We next investigated molecular mecha- 
nisms that might account for down-regulation 
o f  CD8 gene expression in the absence o f  
conventional class I M H C  products. Demeth- 
ylation o f  the CD8a gene accompanies CD8 
expression, as judged by  increased suscepti- 
bil ity to methylation-sensitive enzymes such 
as Hha I (14). A Barn HI 8-kb restriction 
fragment from the 5' portion o f  the CD8a 
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gene was sensitive to Hha I digestion in CD8 this observation to determine the methylation 
cells but not in CD4 cells, yielding a single status of CD8a in thymocytes at progressive 
diagnostic 4.4-kb fragment (Fig. 3). We used stages of development. The CD8a Hha I site 

Peripheral 
DP thymocytes CD8 SP thymocytes CD8 cells 
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Fig. 3. Methylation patterns of the CD8a gene during CD8 development in P2M+'+ and P,M" mice. 
Cenomic DNA was extracted from FACS-sorted lymph node CD8 cells (98% pure) from C57BU6 
(B~.P,M+'+) and B6.PZM-'- mice, AF3.C7 cells (a CD4+ T cell hybridoma), B6.P2M+'+ CD4 cells (98% 
pure), and heart and liver tissue. Cenomic DNA was also isolated from FACS-sorted thymocytes from 
B6.P2M+/+ or B6.P2M-/- mice [FACS-sorted CD4+CD8+ (DP) thymocytes (98% pure)], and [CD8 SP 
thymocytes (97%)]. These DNA samples were digested with either Barn HI alone (B) or Barn HI and Hha 
I (BIHha I) and analyzed by Southern blotting (37) after hybridization with a 32P-labeled 800-bp murine 
CD8a cDNA (74) and autoradiography with BioMax x-ray film (Sigma) and Lightning-plus intensifiers 
(Kodak). Data are representative of three independent experiments. 

is fully demethylated in double-positive 
(CD4+8+) thymocytes from both P2M+'+ 
and P2M-/- mice and remains fully demeth- 
ylated in lineage-committed CD8 single-pos- 
itive (SP) thymocytes from P2M+/+ mice 
(Fig. 3). In contrast, Hha I digestion of the 
CD8a gene in CD8 SP thymocytes from 
P2M-/- mice yields about equal proportions 
of the 4.4-kb fragment and the 8-kb (Hha 
I-resistant) fragment, indicating partial rem- 
ethylation. Finally, this region of the CD8a 
gene is completely remethylated in "mature" 
peripheral CD8 cells from P2M-/- mice 
(yielding only a single 8-kb Hha I-resistant 
fragment) (Fig. 3), consistent with the virtual 
absence of CD8a mRNA expression in these 
cells (Fig. 2B). 

The decline in absolute numbers of CD8 
cells after transfer into P2M+/+ hosts was 
greatly accelerated in P,M-I- recipients (Fig. 
1B) (IS). Analysis of the surface phenotype 
of donor CD8 and DN cells recovered from 

Fig. 4. (A) Induction of Fas and FasL expression on A B 
CD8 cells transferred t o  MHC-deficient hosts. 
~ h y l . l +  CD~-enriched cells (>98% pure) adop- 
tively transferred (1 x lo7 cells per mouse) to  
syngeneic C57BU6J P,M-'- hosts were recovered at - 
the indicated points after transfer (28, 30). Donor 2 8  50 
cells expressing a CD8 or DN (CD4-/CD8-) pheno- 2 
type were analyzed for Fashi (JOZ) and Fas Ligand o% 25 
(K10) expression. Data shown represent three inde- 

0 0 2  4 6 0 2 4 6  pendent experiments + standard errors (error bars). 10 
(0 through E) Effects of Ipr and gld mutations on Days after transfer 

0 2 4 6 8 1 0 2 4 6 8 1 0 2 4  6 8 1 0  

the developmental fate of CD8 cells in adoptive Days after transfer 

hosts. CD8 cells (>97% pure) from B~.@,M+'+, 
~6.~as'p~/'p~, ~ 6 . ~ a s ~ g ' ~ / g ' ~ ,  or MRL DO1 1 t ~as'p'''p~) g.( were adoptively transferred (3 X 10 cells per P2M: 
mouse) to  syngeneic P,M+'+ or P,M-/- hosts, re- 300 

covered, and analyzed as described (28). (B) Total 
donor cells and CD8 and DN cells in syngeneic 

500 B6.P M-I- hosts were identified according to  differ- o 
entiaf expression of H-2Kb (FITC-labeled clone AF6- Oo 150 

88.5) at the time points indicated. Data represent ' 250 
three independent experiments + standard errors. 
(C) CD8 cells (shaded bars) or DN cells (hatched o n 
bars) recovered on day 6 after transfer into 
B6.P2M+'+ (Thy 1.1+) or B6.P2M-/- hosts according 
t o  differential expression of Thy 1.2 (clone 53-2.1) 
and H-2Kb (clone AF6-88.5). In MRL hosts, donor 
cells were defined according to  DO1 1 TCR expression 
with the clonotypic mAb (KJ-26.1) as described in the 
caption for Fig. 1. Data represent three independent 
experiments with groups of three mice 5 standard 
errors. (D) The change in the number of donor CD8 
and DN T cells between days 2 and 6 after transfer 
into the indicated syngeneic hosts is shown. The in- 
crement in DN cells (hatched ban) during this 4-day 
interval is compared to  the decline in CD8 cells (shad- 

MRL DO.ll-lpr 

&"" 

ed bars) during the same period. Data are derived 
from (C) and represent three independent exper- ~6+'+ B6-gld B6-lpr MRL DO.ll-lpr 
iments with groups of three mice. (E) CD8 cells 
isolated from B6.Fas'Pr1'Pr expressing the Thyl.1 

800 

allele were adoptively transferred (3 X l o6  cells per mouse) t o  syngeneic P,M+'+ (I+II+), P,M-/- 600 
(I-II+), and P,M-/- x IA b-/- (I-II-) hosts. CD8 cells (shaded bars) and DN cells (hatched bars) 4 
were recovered after 6 Jays and enumerated in the lymph nodes and spleen as described (28, 6 400 
30). Data shown represent two experiments with groups of three mice. el 

0 ' 
200 

0 

Host MHC: 1-11' 111- 1+11+ 
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P,M-- adoptive hosts suggested a potential 
mechanism for their s11ol-t life-span in this 
environment: (i) up to 509'0 of the donor CD8 
cells expressed elevated Fas but did not ex- 
press FasL and (ii) -75 to 90% of the DN 
progeny expressed both Fas and FasL (Fig 
4A) The small populat~on of lame duck CD8 
cells In P , M  rnlce mas about two-thnds 
CD44'". and about one-half had up-~egulated 
Fas expression and underwent apoptosis at 
two to three times the rate of CD8 cells konl 
MHC- + mice (16). Thus, in the absence of 
peripheral class T PvlHC expression. down- 
regulation of the LKLF transcription factor 
precedes up-regulation of FasL expression 
and apoptosis. 

We therefore asked whether defects in Fas 
or FasL expression might enhance the accu- 
mulation of DN cells from CD8 precursors. 
Expression of either the lpi. (Fas) or gld 
(FasL) mutation (17) by transferred CD8 
cells protected donor cells from attrition in 
P , M  hosts (Fig. 4B) due to enhanced ac- 
cunlulation of DN progeny; CD8 cells from 
B6'lX, B6gld, and B6- + donors declined at a 
similar rate in P , M -  hosts (Fig. 4B). The 
accuinulation of DN cells from CD8'1" or 
CD8g1" precursors was enhanced in P,M-- 
but not in P2Mt - hosts. indicating that de- 
fective expression of Fas or FasL enhances 
the accu~llulation of newly generated DN 
cells in a P , M  environment (Fig. 4C). To 
discount differentiative events already set in 
inotion in I j ~ i .  and girl donor mice. we quan- 
titated DN cell generation beginning 2 days 
after CD8 cells had been placed in a P,Pvlt - 

or P,hl lymphoid environinent (Fig. 4D). 
CD8 cells from B6g1" or B6'PS donors gener- 
ated 15 to 20 times more DN cells than CD8 
cells from B6- + donors during this interval 
in P , M  hosts. Enhanced generation of DN 
cells in adoptive P 2 M  hosts reflected the 
absence of TCR-CD8 ligation by class T 
PvlHC rather than an undefined propeity of 
the P , h l  en\~ronment because class TI- 
specific CD8 cells fiorn DO1 llP' inice gener- 
ated ~ncreased numbers of DN cells [co~n-  
pared to CD8 cells fiorn D o l l -  (Fas- +) 
donors] in e~ther  P,Pvlt - or P , h l  lecipl- 
ents (Fig 4, C and D)  Engagenlent of class I1 
MHC products by CD8 cells was not iespon- 
s~b le  foi enhanced generatloll of D h  cells 
because CD8 cells gave rise to similar num- 
bers of DK progeny in P , M -  (class I-defi- 
cient) and P2M-- X TAPb-- (MHC-deficient) 
recipients (Fig. 4E). Finally, analysis of B6''" 
CD8 cells and DN progeny in adoptive 
P2hl - -- hosts showed that, although CD8 
cells did not replicate during this process. 
about t~vo-thirds of newly generated DN cells 
underwent at least one round of replication. 
as judged by 5-carboxyfluorescein diacetate 
succininyl ester (CFSE) dye dilution analysis 
(18). 

We have identified a differentiative path- 

way taken by CD8 cells bearing receptors 
that cannot engage class T MHC self-peptide 
molecules. either because of incorrect tllynlic 
selection, defects in peripheral MHC class I 
expression, or antigen presentation. I11 any of 
these cases, failed CD8-TCR coengageinent 
results in down-regulation of genes that ac- 
count for specialized cytolytic T lymphocyte 
(CTL) function and resistance to cell death 
(CD8aP, granzyme B, and LKLF) and up- 
regulation of the Fas and FasL death genes. 

Thus, MHC engagelnent is required to 
inhibit expression and delivery of a death 
progranl rather than to supply a putative tro- 
phic stinlulus for T cell sunival.  This view of 
the consequence of failed PvlHC engagement 
bears directly on the fate of CD8 cells in the 
context of tunlor growth and autoin~mune 
disease. "Tumor escape" by neoplastic cells 
that do not express appropriate class T MHC 
products has been ascribed to reduced sus- 
ceptibility of tumor cells to l<illing by CTLs. 
Our findings suggest that diminished class I 
expression by tunlor cells nlay also result in 
the inactivation and elinlination of tumor- 
specific CTLs; preliminary experinlents sup- 
port this view (IY). 

Expansion of DN cells in anirnals that 
ca11-jl nlutations in Fas or FasL has been 
attributed to a proliferative response of auto- 
reactive T cells (20). We fo~nld that these 
cells actually represent the detritus of the 
CD8 repertoire that is unable to engage host 
MHC products but is spared eliinination 
through mutations in Fas-related death mol- 
ecules. These mistal<enly selected CD8 cells 
include clones that are positively selected by 
class T self-peptide coinplexes (21) expressed 
in the thymus but not in the peripheral lym- 
phoid tissues (22) and CD8 cells that are 
selected by thymic class I1 self-peptide corn- 
plexes (1). Defects in delivery of the death 
signal to these cells underlie the explosive 
growth and accurnulation of DN T cells (i) in 
animals bearing Fas or FasL mutatio~ls. (ii) in 
patients that carry inherited inutations of 
these genes. and (iii) in -25% of systeinic 
lupus erythe~natosus patients that display the 
cellular signature of defects in this inecha- 
n i s~n  of quality control of CD8 cells (23). 
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