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CD8 T cell tolerance results from eviction of
immature autoreactive cells from the thymus
Mohamed Elsherif Badr*, Zhongmei Zhang, Xuguang Tai, Alfred Singer*

CD8 T cell tolerance is thought to result from clonal deletion of autoreactive thymocytes before they
differentiate into mature CD8 T cells in the thymus. However, we report that, in mice, CD8 T cell
tolerance instead results from premature thymic eviction of immature autoreactive CD8 thymocytes into
the periphery, where they differentiate into self-tolerant mature CD8 T cells. Premature thymic eviction
is triggered by T cell receptor (TCR)–driven down-regulation of the transcriptional repressor Gfi1,
which induces expression of sphingosine-1–phosphate receptor-1 (S1P1) on negatively selected immature
CD8 thymocytes. Thus, premature thymic eviction is the basis for CD8 T cell tolerance and is the
mechanism responsible for the appearance in the periphery of mature CD8 T cells bearing autoreactive
TCRs that are absent from the thymus.

S
election of a functional and self-tolerant
T cell receptor (TCR) repertoire in the
thymus requires that thymocytes undergo
positive and negative selection on the
basis of the specificity of their TCRs for

self-ligands. Thymocytes that engage self-ligands
with low affinity undergo positive selection
into mature CD4 or CD8 T cells, whereas thy-
mocytes with potentially autoreactive TCRs
engage self-ligands with high affinity and un-
dergo negative selection (1). The major con-
sequence of negative selection is thought to
be clonal deletion, which eliminates auto-
reactive thymocytes before their differentia-
tion into mature T cells (2–4). However, it is
now understood that TCR signaling is sus-
tained during major histocompatibility class II
(MHC-II)–specific CD4 T cell development but
is disrupted during major histocompatibility
class I (MHC-I)–specific CD8 T cell develop-
ment (5–7). Accordingly, MHC-I–specific TCR
signaling may be disrupted before deleting
enough autoreactive thymocytes to induce
CD8 T cell tolerance. In this work, we report
that CD8 T cell tolerance does not result from
clonal deletion but is induced by the prema-
ture eviction of immature autoreactive thymo-
cytes into the periphery, where they complete
their differentiation into self-tolerant mature
CD8 T cells.

MHC-I–specific autoreactive thymocytes
survive negative selection

Autoreactive thymocytes that avoid clonal de-
letion during negative selection express PD-1,
an attenuator of TCR signaling, and become

TCRhiPD-1+ cells (8–10). TCRhiPD-1+ cells were
significantly higher in both frequency and PD-1
expression amongMHC-I–selected compared
withMHC-II–selected thymocytes fromH-2Ab1−/−

(MHC-II−) and b2m−/− (MHC-I−) mice, respec-
tively (Fig. 1, A and B). These TCRhiPD-1+

thymocytes lacked cleaved caspase-3, which
confirmed that they were not dying cells (Fig.
1, A and B). Thus, a significantly higher fre-
quency ofMHC-I–specific comparedwithMHC-
II–specific autoreactive thymocytes survive
negative selection.
To compare developing MHC-I– and MHC-

II–specific thymocytes with TCRs that recog-
nize the same self-antigen, we examinedHYcd4

and Marilyn mice, whose T cells both express
transgenic TCRs specific for the HY male anti-
gen and induce negative selection inmalemice
but positive selection in female mice (11, 12).
The transgenic TCRs in HYcd4 mice are clono-
type T3.70+ and engage MHC-I ligands to gen-
erate CD8 T cells (11), whereas the transgenic
TCRs in Marilyn mice are TCR-Vb6+ and en-
gage MHC-II ligands to generate CD4 T cells
(12). Notably, in male mice, Marilyn thymo-
cytes failed to become TCRhi, whereas HYcd4

thymocytes became TCRhi (Fig. 1, C and D).
These TCRhi thymocytes were generated by
the transgenic TCR because their thymocyte
profiles were identical in Rag2-sufficient and
Rag2-deficient HYcd4 mice (Fig. 1, C and D).
Thus, negative selection does not preventMHC-
I–selected thymocytes from differentiating into
TCRhi cells.
MHC-I–selected thymocytes that were TCRhi

in HYcd4 male (HYcd4M) mice did not become
CD8–single-positive (CD8SP) but remained
CD4/8dull (Fig. 1, E andF). The absence of CD8SP
thymocytes in negatively selecting HYcd4M
mice has been attributed to clonal deletion
(11, 13). However, this conclusion was contra-
dicted by the presence of HY-specific CD8ab

T cells in the periphery of male mice in even
greater numbers compared with HYcd4 female
(HYcd4F) mice (Fig. 1, E and F, and fig. S1A). By
contrast, HY-specific CD4 T cells were not pres-
ent in the periphery of Marilyn male mice (fig.
S1B). Thus, unlike MHC-II–selected autoreac-
tive CD4 T cells, MHC-I–selected autoreactive
CD8 T cells survive negative selection and ap-
pear in the periphery.
To assess cell death during MHC-I–specific

negative selection,we examined cleaved caspase-3
in HYcd4M thymocytes (Fig. 1G). Less than 1%
contained cleaved caspase-3, and these dying
cells were Bcl-2loCCR7lo. An even higher fre-
quency of negatively selected thymocytes were
Bcl2+CCR7hi and cleaved–caspase-3− and were
differentiating, not dying, cells (Fig. 1G). Be-
cause thymocyte clonal deletion during nega-
tive selection is induced by B7 costimulatory
ligands (CD80 and CD86) (8, 14, 15), we com-
pared CD8 T cell numbers in HYcd4M mice
with andwithout B7 deficiency. Impaired clonal
deletion in B7DKOHYcd4Mmice increasedTCRhi

thymocyte numbers by only one-third (from
14 million to 21 million) and did not reconsti-
tute generation of CD8SP thymocytes (Fig. 1, H
and I). Thus, clonal deletion eliminated only a
minority of autoreactive MHC-I–specific thy-
mocytes and failed to explain the absence of
CD8SP cells in the thymus.

Immature autoreactive CD8 thymocytes are
evicted from the thymus

To understand howHY-specific CD8 T cells ap-
peared in the periphery when they were ab-
sent from themale thymus, we characterized
the TCRhiCD4/8dull thymocytes that populated
the male thymus (Fig. 2A). Female thymi con-
tained mature CD8SP thymocytes, whereas
TCRhiCD4/8dull thymocytes in male thymi were
PD-1+Bcl-2+ (indicating that theyhadbeen strong-
lyTCRsignaled)andwereCD24hiQa2− (indicating
that they were immature) (Fig. 2A). Neverthe-
less, immature TCRhiCD4/8dull male thymocytes
were CD8 lineage–committed because they ex-
pressed the cytotoxic-lineage transcription fac-
tor Runx3d, albeit at lower levels compared
with CD8SP thymocytes (Fig. 2B).
To determinewhether immature TCRhiCD4/8dull

thymocytes exited the male thymus, we ex-
amined thymocytes 5 min after intravenous
(i.v.) injection of anti-CD5 monoclonal anti-
body (mAb), which only had enough time to
bind to exiting thymocytes that contacted
the blood circulation (16). Whereas CD5(i.v.)+

cells exiting B6 thymi were single positive
(SP), CD5(i.v.)+ thymocytes exiting HYcd4M
thymi were T3.70hiCD4/8dull (Fig. 2C). Such
T3.70hiCD4/8dull cells were also present in the
periphery of male mice, and these peripheral
T3.70hiCD4/8dull cells resembled immature
thymocytes in being CD24hiPD-1+ (Fig. 2, D
and E). Thus, TCRhiCD4/8dull thymocytes exit
the male thymus despite being immature.
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Fig. 1. Characterization of developing thymocytes and T cells that
preferentially survive strong TCR signaling during negative selection in
the thymus. (A) Thymocyte profiles from mice containing either MHC-II–
selected or MHC-I–selected T cells. Shown are TCR profiles of total
thymocytes (left), PD-1 profiles on TCRhi (CD1d–PBS57− non-iNKT)
thymocytes (middle), and cleaved caspase-3 expression in PD-1+TCRhi

(non-iNKT) thymocytes (right). (B) Percent PD-1+ cells among TCRbhi

thymocytes (left) and quantification of their surface PD-1 expression as
mean fluorescence intensity (MFI) (right). (C) TCR profiles of male versus
female thymocytes from Marilyn and HYcd4 transgenic mice. (D) TCRhi

thymocyte numbers in Marilyn and HYcd4 transgenic mice. (E) CD4 versus

CD8a expression on TCRhi thymocytes (top) and TCR+ lymph node (LN)
cells (bottom) in male and female HYcd4 mice. (F) Thymocyte and LN T cell
numbers in HYcd4 transgenic mice. (G) Expression of cleaved caspase-3
versus Bcl-2 (left) or CCR7 (right) in HY-specific thymocytes from HYcd4 male
mice. (H) TCRhi thymocyte numbers in WT and B7-deficient [B7 double-
knockout (B7DKO)] HYcd4 male mice. (I) CD4 versus CD8a expression on
TCRhi thymocytes on WT and B7-deficient HYcd4 male mice. [(A) to (C),
(E), (G), and (I)] Representative data are from three independent
experiments. [(D), (F), and (H)] Data are from two to four independent
experiments. P values were determined using unpaired two-tailed Student’s
t tests (means ± SEMs).
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Fig. 2. Clonal eviction of autoreactive CD8 thymocytes signaled to undergo
negative selection. (A) CD4 versus CD8a expression on TCRhi thymocytes from
HYcd4 male and female mice (left) and expression of various proteins in the indicated
thymocyte subsets (single-color histograms). (B) Expression of Runx3d mRNA
(top) and RUNX3 protein (bottom) in thymocyte subsets from HYcd4 male and
female mice. (C) To identify cells exiting the thymus, thymocytes were harvested
5 min after in vivo i.v. injection of phycoerythrin (PE)–conjugated anti-CD5 mAb.
Thymocytes that bound the injected anti-CD5 mAb were referred to as CD5(i.v.)+

cells. (D) CD4 versus CD8 profiles of HY-specific T3.70+ peripheral T cells in
HYcd4 male and female mice. Only negatively selecting male mice contained
peripheral CD4/8dull HY-specific T cells. (E) PD-1 and CD24 expression on peripheral
CD4/8dull and CD4−8+ HY-specific T cells in HYcd4 male mice. (F) CD4/8dull and
CD8+ HY-specific T3.70+ T cells were sorted from the spleen and LN of HYcd4 male
mice and were adoptively transferred into separate Rag2−/− hosts. CD4 versus

CD8a expression on each transferred cell population was overlayed before and
3 days after transfer into host mice. (G) CD4/8dull and CD8+ HY-specific T3.70+

T cells were sorted from the spleen and LN of HYcd4 male mice and were placed into
separate in vitro cultures containing IL-7 for 4 days. Overlayed CD4 versus CD8a
expression on sorted T cells before and after IL-7 culture is shown. (H) CD4 versus
CD8a expression on HY-specific T3.70hi thymocytes and splenocytes in male
and female embryonic day 18.5 (E18.5) HYcd4 mice. (I) Comparison of HY-specific
T3.70+ T cells in HYcd4 male versus female neonatal mice at indicated ages. P0,
postnatal day 0. (J) Frequencies of CD4/8dull and CD8+ cells among T3.70+TCRb+

splenocytes in HYcd4M neonatal mice. [(A) and (C) to (G)] Data are representative
of three or four independent experiments. (B) Data are from three independent
experiments with technical triplicates. (H) Representative data are from three or four
HYcd4 embryos of each gender. [(I) and (J)] n = 3 to 8 from each gender at each
time point. Data are expressed as means ± SEMs.
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Fig. 3. Strong TCR signaling of immature thymocytes induces S1P1 expression
and clonal eviction by down-regulating Gfi1. (A) S1pr1 mRNA (left) and S1P1
protein (right) expression in HYcd4 male and female thymocytes. (B) CD4 versus
CD8a profiles of HY-specific T3.70+ splenocytes in HYcd4 male mice after five daily
injections of either FTY720 or vehicle. (C) CD4 versus CD8a and Qa-2 profiles of
HY-specific T3.70+ TCRhi thymocytes from S1P1-deficient [S1P1 conditional knockout
(S1P1cKO)] and WT HYcd4 male mice. (D) Numbers of mature (CD24lo) CD8SP
thymocytes in S1P1cKO and WT HYcd4 male mice. (E) Ifng mRNA in thymocyte
subsets from S1P1cKO and WT HYcd4 male and female mice. (F) Frequency of CD317+

preselection (CD69−DP) thymocytes in S1P1cKO and WT HYcd4 male mice.
(G) Number of total thymocytes in S1P1cKO and WT HYcd4 male mice. (H) Nr4a1,
Foxo1, and S1pr1 mRNA expression in immature (CD69−DP) and mature (CD4SP)
B6 thymocytes after overnight stimulation with immobilized plate-bound anti-TCRb.

(I) Gfi1 mRNA expression in HYcd4 male and female thymocytes. (J) Gfi1 mRNA
expression in immature (CD69−DP) B6 thymocytes after overnight stimulation with
immobilized plate-bound anti-TCRb. (K) Donor HYcd4M bone marrow cells
(containing CD4-cre) were infected in vitro with FLEX/Gfi1 or FLEX/Thy1.1
lentiviruses, and the lentivirus-infected bone marrow cells were then injected into
lethally irradiated B6 CD45.1 host mice. Donor-origin HYcd4M thymocytes were
analyzed 4 to 6 weeks later, and those constitutively expressing Gfi1 or Thy1.1
lentiviral proteins were identified by surface expression of hCD2 reporter protein.
[(A), (E), and (H) to (K)] Representative experiment from two to four independent
experiments with technical triplicates. [(B) to (D)] Representative experiment from
three or four independent experiments. [(F) and (G)] Data are from two to three
independent experiments. P values were determined using unpaired two-tailed
Student’s t tests. Data are expressed as means ± SEMs.

RESEARCH | RESEARCH ARTICLE

Badr et al., Science 382, 534–541 (2023) 3 November 2023 4 of 8

D
ow

nloaded from
 https://w

w
w

.science.org at H
arvard U

niversity on February 02, 2024



To determine whether immature TCRhiCD4/
8dull cells complete their differentiation in the
periphery, we adoptively transferred them into
immunodeficient Rag2−/− hosts and found that
they became CD8 T cells (Fig. 2F). Immature
CD4/8dull cells also became CD8 T cells in
interleukin-7 (IL-7) in vitro cultures, and their
differentiation into CD8 T cells depended on

Runx3d and cytokine receptor gamma chain
(gc) (Fig. 2G and fig. S2), as does CD8 T cell
generation in the normal thymus (17). Thus,
during negative selection, MHC-I–selected thy-
mocytes became immature TCRhiCD4/8dull cells
that express PD-1 and Runx3d and that pre-
maturely exit the thymus to complete their
differentiation into mature CD8 T cells in the

periphery. We refer to the exit of immature
autoreactive thymocytes from the thymus into
the periphery as clonal eviction.
Premature clonal eviction of autoreactive

CD4/8dull thymocytes also occurred during nor-
mal ontogeny, as T3.70+ cells appeared in the
periphery of negatively selecting male mice
2 days earlier than in positively selecting
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Fig. 4. Peripherally generated CD8 T cells are self-tolerant. (A) In vitro
proliferative responses of CD8 T cells from HYcd4 male and female mice to 3 days
of stimulation with varying doses of HY peptide presented by B6 splenocytes,
as measured by the dilution of cell trace violet (CTV). (B) In vivo response
as measured by CD107a expression of CD8 T cells from draining and
nondraining popliteal LNs in HYcd4 male and female mice to footpad injection with
HY peptide and LPS 16 hours earlier. (C) In vivo growth of female (MC38) or
male (B16-F10) tumor cells subcutaneously injected into HYcd4 mice. (D) Surface
TCR and CD8 expression and quantification of HY tetramer binding to CD8 LN T cells
from HYcd4 male and female mice. (E) Ly49 versus CD122 profiles of peripheral
CD8 T cells from HYcd4 male and female mice. (F) Relative body weights of male

Rag2−/− mice after transfer of naïve CD4+CD25−CD45RBhi B6 male T cells alone or
together with male HYcd4 CD8 T cells. (G) Ly49 versus CD122 profiles of CD8SP
thymocytes or CD8 spleen T cells from HYcd4F mice, S1P1cKO.HYcd4M mice, and
HYcd4M mice. (H) Ly49 versus CD8a expression on CD8+T3.70+ T cells from
HYcd4M mice analyzed 7 days after adoptive transfer into male and female B6 hosts.
[(A), (B), and (E)] Representative data are from three independent experiments.
(D) Data are pooled from three independent experiments. [(C) and (F)]
Representative experiment from two independent experiments (n = 5 mice from
each group). P values were determined using unpaired two-tailed Student’s t tests
except for (C) and (F), where two-way analysis of variance (ANOVA) was used
instead (means ± SEMs).
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femalemice (Fig. 2, H and I). Moreover, in male
mice, the earliest-appearing T3.70+ periph-
eral cells were CD4/8dull cells, which increas-
ingly became CD8 T cells over the following
days (Fig. 2J).

S1P1 mediates clonal eviction, which avoids
thymic stress
Because immature thymocytes cannot normal-
ly exit the thymus, we investigated how im-
mature autoreactive thymocytes were clonally

evicted during negative selection. Because the
sphingosine-1–phosphate receptor-1 (S1P1) is
used by mature thymocytes to exit the thymus
(18), we assessed whether S1P1 might also me-
diate premature clonal eviction of immature
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Fig. 5. Assessment of clonal eviction in normal polyclonal mice. (A) Analysis of
MHC-I–selected thymocytes from MHC-II− polyclonal mice. PD-1 expression on
TCRhi (non-NKT) thymocytes (left), and CD4 versus CD8a profiles on PD-1+ and
PD-1− TCRhi thymocytes (right). (B) CD4 versus CD8a profiles on PD-1+TCRbhi

thymocytes from MHC-II− male and female mice. (C) Gfi1 and S1pr1 mRNA
expression in sorted thymocyte subsets from MHC-II− mice. (D) Analysis of RTEs
in the spleens of RAG2-GFP.MHC-II−mice. PD-1 expression (left) and CD4 versus CD8a
profiles on PD-1+ and PD-1− RTEs (right). (E) Quantification of RAG-GFP fluorescence
in spleen RTEs from RAG2-GFP.MHC-II− mice. (F) Expression of Cd4, Cd8a, and
Runx3d mRNA in sorted spleen and LN T cell subsets in Rag-GFP.MHC-II− mice.

(G) RTE CD4/8dullPD-1+ and CD8+PD-1+ were sorted from the spleens and LNs of
RAG-GFP.MHC-II− mice and placed into separate IL-7 in vitro cultures for 4 days.
(H) Ly49 versus CD8a profile of total CD8 T cells from MHC-II− spleens (left) and
comparison of TCRb and CD8a expression on Ly49− and Ly49+ CD8 T cell subsets
(bar graphs). (I) Comparison between B6 male and B6 female mice of HY–IAb

tetramer binding to CD4 T cells (left), HY–H-2Db tetramer binding to total and Ly49+

CD8 T cells (middle), and Flu–H-2Db tetramer binding to Ly49+CD8 T cells (right).
[(A) to (H)] Representative experiment from two to three independent experiments.
(I) Data are from two independent experiments. P values were determined using
unpaired two-tailed Student’s t tests. Data are expressed as means ± SEMs.
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thymocytes. CD4/8dull cells in male thymi ex-
pressed S1P1, albeit in lower amounts com-
paredwithmature CD8SP thymocytes (Fig. 3A
and fig. S3, A and B). Their exit from the thymus
required S1P1 because in vivo S1P1 blockade by
FTY720 induced short-term thymic retention,
which caused T3.70+CD4/8dull cells to disap-
pear from the periphery (Fig. 3B) (19). More-
over, conditional deletion of S1P1 in HYcd4M
thymocytes, which caused prolonged thymic
retention, resulted in the generation of ma-
ture CD8SP thymocytes in S1P1cKO.HYcd4M
mice that were CD24loCCR7hiQa-2hi (Fig. 3,
C and D, and fig. S3C). Unexpectedly, these
mature CD8SP male thymocytes were auto-
reactive against HY self-antigens in the thy-
mus, as they expressed interferon-g (IFN-g),
which induced preselection CD4+CD8+ [double-
positive (DP)] thymocytes to express CD317
(an IFN-g–responsive protein) and caused
thymic stress with reduced total thymocyte
numbers (Fig. 3, E to G) (20–22). Thus, S1P1-
mediated clonal eviction rids the thymus of
immature autoreactive cells before they be-
come functionally competent and cause thymic
stress. Moreover, the appearance of mature
CD8SP thymocytes in S1P1-deficient HYcd4M
mice demonstrates that their absence in wild-
type (WT) HYcd4M mice is not a result of clo-
nal deletion but is instead because of clonal
eviction of their immature precursors from
the thymus.

Gfi1 regulates S1P1 expression and
clonal eviction

Mature SP thymocytes express S1P1 only after
TCR signaling is disrupted because this event
up-regulates the expression of the transcription
factor Foxo1, which, in turn, induces the expres-
sion of Klf2 and S1pr1, the gene encoding S1P1
(23). By contrast, immature TCRhiCD4/8dull

thymocytes expressed S1P1 despite being TCR
signaled (Fig. 3A and fig. S3, A and B). To
understand the contradictory requirements
for S1P1 induction in immature and mature
thymocytes, we compared TCR signaling of
immature CD69−DP and mature CD4SP thy-
mocytes (Fig. 3H and fig. S4A). TCR signaling
up-regulated Nr4a1 in both thymocytes but
haddifferent effects on their expressionofFoxo1,
Klf2, and S1pr1 (Fig. 3H and fig. S4, A and B).
Without stimulation, mature thymocytes ex-
pressedFoxo1,Klf2, and S1pr1, whichwere then
down-regulated by TCR signaling (Fig. 3H and
fig. S4A), whereas immature thymocytes ex-
pressed Foxo1, Klf2, and S1pr1 only when ac-
tively TCR signaled (Fig. 3H and fig. S4, A
and B). In immature thymocytes, Foxo1 de-
ficiency abrogated Klf2 and S1pr1 induction,
as in mature cells (fig. S4C), which indicates
that Foxo1 up-regulation initiated the same
transcriptional progression to S1P1 expres-
sion in immature and mature cells (23). Thus,
the key feature distinguishing immature and

mature thymocytes is that Foxo1 up-regulation
in immature thymocytes is induced by strong
TCR signaling, whereas Foxo1 up-regulation in
mature thymocytes is induced by TCR signaling
disruption.
To induce Foxo1 up-regulation in immature

thymocytes, strong TCR signaling would ei-
ther up-regulate a transcriptional activator
or down-regulate a transcriptional repressor.
Gfi1 is a known transcriptional repressor of
Foxo1 (24), which we found to be highly ex-
pressed in immature (CD69−DP) thymocytes
but whose expression was reduced in more dif-
ferentiated CD4/8dull and CD8SP thymocytes
(Fig. 3I). Gfi1 expression in immature thymo-
cytes was down-regulated by strong TCR sig-
naling (Fig. 3J), which indicates that strong
TCR signaling of immature thymocytes induces
Foxo1 up-regulation by down-regulating Gfi1
expression.
To assess the role of Gfi1 in S1P1 induction

and clonal eviction, we used the lentivirus
“flex-switch” system and the CD4-Cre recom-
binase (present in HYcd4 thymocytes) to in-
duce constitutive expression of lentiviral Gfi1
or lentiviral control Thy1.1 proteins in HYcd4

thymocytes (fig. S4D) (25). Thymocytes that
constitutively expressed lentiviral Gfi1 or Thy1.1
proteins also constitutively expressed hCD2
reporter proteins (fig. S4, D and E). Exami-
nation of hCD2+CD4/8dull thymocytes con-
stitutively expressing Gfi1 or Thy1.1 proteins
revealed that constitutive Gfi1 expression re-
duced Foxo1, Klf2, and S1pr1 but did not affect
PD-1 or Qa-2 (Fig. 3K and fig. S4, F and G).
Gfi1-induced down-regulation of S1pr1 resulted
in thymic retention and the appearance of
mature Qa-2+ CD8SP thymocytes (Fig. 3K and
fig. S4H). Thus, it is by down-regulating Gfi1
that strong TCR signaling induces immature
thymocytes to express S1P1 and undergo pre-
mature clonal eviction (fig. S5).

Peripheral CD8 T cells are self-tolerant
despite expressing autoreactive TCRs

AlthoughHYcd4Mmice contain peripheral CD8
T cells bearing autoreactive TCRs, these ani-
mals remain healthy throughout their lives,
which suggests that their peripheral CD8 T cells
are self-tolerant. Compared with female pe-
ripheral CD8 T cells, male peripheral CD8
T cells were 10-fold less reactive against anti-
genic HY peptide in vitro and were also less
reactive to HY peptide injected in vivo as re-
vealed by CD107a expression—a marker of
CD8 T cell degranulation (26) (Fig. 4, A and
B). Additionally, the growth of male-origin
tumor cells (B16-F10) was significantly less
constrained in male compared with female
HYcd4 mice, whereas female-origin tumor
cells (MC38) grew equally in both (Fig. 4C and
fig. S6A). Thus, despite bearing HY-specific
TCRs, peripheral CD8 T cells in male mice are
hyporesponsive to HY male antigen. To deter-

mine the basis of this hyporesponsiveness, we
examined surface expression of TCRs and CD8
co-receptor proteins on peripheral male CD8
T cells (Fig. 4D). Surface TCR and CD8 were
both significantly reduced onmale CD8 T cells,
which bound only one-third the number of
HY–MHC-I tetramer complexes compared
with female CD8 T cells (Fig. 4D) (27). Thus,
reduced surface TCR and co-receptor expres-
sion causes reduced binding of HY self-ligands
(Fig. 4D).
We considered that male CD8 T cells may

also be hyporesponsive because they have reg-
ulatory function, even though they did not ex-
press Foxp3, the master gene regulator of CD4
regulatory T cells (fig. S6B) (28). CD8 regulatory
T cells are instead thought to be CD122+Ly49+

and to express Helios (29–31). Peripheral CD8
T cells in HYcd4M mice included a substantial
number of CD122+Ly49+ cells that expressed
Helios (Fig. 4E and fig. S6C) and prevented the
induction of inflammatory bowel disease in
maleRag-deficient mice by transferred naïve
CD4 T cells. Thus, clonally evicted peripheral
CD8 male T cells have regulatory function
(Fig. 4F).
Because peripheral CD8 male T cells con-

tained anLy49+ subset andwere hyporesponsive
to HY antigens, we assessed Ly49 expression
on CD8SP thymocytes that arose during thy-
mic retention and were reactive against intra-
thymic HY antigens (Fig. 3, E to G). Retained
thymic CD8 male T cells were exclusively
CD122+Ly49−, unlike peripheral CD8 male
T cells (Fig. 4G).We therefore wonderedwheth-
er their Ly49 expression was induced by en-
countering HY self-antigens in the periphery.
Ly49 expression persisted and remained sig-
nificantly more frequent after transfer of CD8
T cells into male compared with female host
mice (Fig. 4H), and a substantial fraction of
Ly49− male cells converted into Ly49+ cells
after transfer into male hosts, which indicates
that these were not distinct subsets of auto-
reactive CD8 T cells (fig. S6D). Thus, immature
autoreactive thymocytes evicted from the thy-
mus encounter peripheral self-ligands to be-
come self-tolerant CD8 T cells, some of which
express Ly49.
To verify that CD8 T cell tolerance depends

on clonal eviction, we compared the reac-
tivity of CD8SP thymocytes retained in the
thymus because of S1P1 deficiency versus CD8
T cells evicted into the periphery (fig. S6E).
Retained CD8SP thymocytes were CD69hi

in vivo and further up-regulated CD69 upon
exogenous in vitro stimulation with HY pep-
tide presented by irradiated splenocytes (fig.
S6E). By contrast, peripheral CD8 T cells
were CD69lo in vivo and hardly responded
to exogenous in vitro HY peptide stimula-
tion (fig. S6E). Thus, CD8 T cell tolerance to
self-antigen depends on clonal eviction of
immature autoreactive thymocytes into the
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periphery before they have acquired functional
competence.

Clonal eviction of normal polyclonal CD8
T cells

Finally, we wonderedwhether our understand-
ing of clonal eviction inHY-specific TCR trans-
genicmice (schematized in fig. S7) also applied
to CD8 T cells in normal polyclonal mice. We
found that ~5% of MHC-I–selected TCRhi thy-
mocytes inMHC-II− polyclonalmice were PD-1+

cells (Fig. 5A). These TCRhiPD-1+ thymocytes
were CD4/8dull and resembledHYcd4M thymo-
cytes that had survived negative selection,
whereas their TCRhiPD-1− polyclonal thymo-
cytes contained CD8SP cells and resembled
HYcd4F thymocytes that had undergone po-
sitive selection (Fig. 5A). MHC-I–selected
TCRhiPD-1+CD4/8dull thymocytes were pres-
ent in both male and female polyclonal mice
(Fig. 5B), which indicates that they had been
signaled to undergo negative selection by sex-
independent self-ligands. These negatively se-
lected PD-1+TCRhiCD4/8dull thymocytes had
down-regulated Gfi1 and up-regulated S1pr1 ex-
pression compared with preselection CD69−DP
thymocytes (Fig. 5C), which indicates that they
had been strongly TCR signaled in the thymus.
To determine whether these cells underwent
clonal eviction into theperiphery,we identified
PD-1+ cells among recent thymic emigrants
(RTEs) by their expression of the reporter pro-
tein Rag-GFP [green fluorescent protein (GFP)]
(Fig. 5D) (32). PD-1+ RTEs were CD4/8dull and
had the highest content of Rag-GFP, which re-
vealed that they were the earliest RTEs in the
periphery (Fig. 5E). In addition, CD4/8dull RTEs
differentiated into mature CD8 T cells, as their
mRNA expression profilewas Cd4−Cd8+Runx3d+,
and they became CD8 T cells when cultured
with IL-7 (Fig. 5, F and G).
MHC-I–selected peripheral CD8T cells in poly-

clonal mice contained an Ly49+ subset that re-
sembled self-tolerant CD8 T cells in HYcd4M
mice in that peripheral Ly49+CD8 T cells ex-
pressed lower levels of both surface TCR and
CD8 co-receptors (Fig. 5H). This resemblance
suggests that peripheral Ly49+ CD8 T cells may
have been clonally evicted during negative se-
lection and encountered their self-ligand dur-
ing peripheral differentiation into mature CD8
T cells.
Finally, we quantified the number of CD4

and CD8 T cells bearing HY-specific autoreac-
tive TCRs inmale and female B6mice (Fig. 5I).
HY/I-Ab tetramer–binding CD4 T cells were
significantly reduced in male versus female
B6 mice, whereas HY/H-2Db tetramer–binding
CD8 T cells were equally represented in both
males and females, which indicates significant
clonal deletion of HY-specific CD4 T cells but
not HY-specific CD8 T cells in WT B6 mice
(Fig. 5I). Additionally, HY–H-2Db tetramer–
binding cells were significantly more frequent

among Ly49+CD8+ T cells in male versus fe-
male mice, but this was specific for negatively
selected HY–H-2Db tetramer–binding cells be-
cause it was not the case for unrelated Flu–H-
2Db tetramer–binding cells, which bear TCRs
specific for the influenza foreign antigen (Fig.
5I). Thus, these results further support the
conclusion that Ly49+ CD8 T cells are clonally
evicted during negative selection and differ-
entiated in the periphery into self-tolerant
CD8 T cells.

Discussion

This study identifies premature clonal eviction
from the thymus into the periphery as an im-
portant consequence of negative selection that
results in extrathymic T cell differentiation of
self-tolerant CD8 T cells. Premature clonal
eviction is triggered by TCR-signaled down-
regulation of the transcriptional repressor Gfi1
and induction of S1P1 in immature CD8 thy-
mocytes that survive negative selection. The
mechanism establishing CD8 T tolerance has
remained enigmatic because functionally ma-
ture CD8 T cells bearing autoreactive TCRs are
generally absent from the thymus but never-
theless appear in the periphery of both humans
andmice (33–40). It has been thought that CD8
T cells with autoreactive TCRs appear in the
periphery because clonal deletion in the thy-
mus is imperfect (36, 40), but this perspective
does not explain how autoreactive CD8 T cells
that are absent from the thymus are neverthe-
less undiminished in number in the periphery.
This study provides clonal eviction of im-

mature autoreactive CD8 T cells as a solution
to this enigma. Immature CD8 T cells with
autoreactive TCRs are strongly TCR signaled
during negative selection in the thymus to
down-regulate Gfi1 and up-regulate S1P1 ex-
pression, which results in the premature evic-
tion of immature CD4/8dull thymocytes from
the thymus into the periphery, where they
complete their differentiation into function-
ally mature but self-tolerant CD8 T cells, some
of which become Ly49+ regulatory CD8 T cells.
We expect that prematurely evicted immature
cells from the thymus differentiate into self-
tolerant CD8 T cells in part because they are
functionally immature when they first en-
counter peripheral self-ligands, which reduces
surface expression of both TCR and CD8 co-
receptor molecules, and in part because they
acquire regulatory function. Thus, clonal evic-
tion is the primary mechanism underlying
CD8 T cell tolerance to self-ligands.
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