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Peripheral Clonal Elimination of Functional T Cells 

A major mechanism for generating tolerance in developing T cells is the intrathymic 
clonal deletion of T cells that have receptors for those self antigens that are presented 
on hematopoietic cells. The mechanisms of tolerance induction to antigens not 
expressed in the thymus remain unclear. Tolerance to self antigens can be generated 
extrathymically through the induction of clonal nonresponsiveness in T cells with 
self-reactive receptors. A second mechanism of extrathymic tolerance was identiiied: 
clonal elimination of mature T cells with self-reactive receptors that had previously 
displayed functional reactivity. 

C LONAL DELETION IS A hfAJOR 

mechanism to achieve T cell toler- 
ance to self antigens (1-4) and is 

thought to occur only in the thymus (5, 6). 
When this mechanism fails, tolerance may 
also be acquired by intra- and extrathymi- 
cally induced clonal nonresponsiveness (an- 
ergy) (7, 8). The mechanism involved in 
generating T cell tolerance is probably de- 
termined by the manner in which self anti- 
gens are presented (7-9), and perhaps also 
by the developmental stage at which T cells 
encounter these antigens (10). Self antigens 
for which these rules have been established 
include H-Y antigens (I), products of the 
minor lymphocyte stimulatory (Mls) loci 
and staphylococcal enterotoxins (2), and 
largely unknown gene products that are 

recognized in association with EaEp-class I1 
molecules of the major histocompatibility 
complex (MHC) (3). In the present study, 
we established an environment in which 
both the intrathymic clonal deletion and the 
clonal anergy pathways were blocked and 
revealed yet another mechanism of self tol- 
erance. As a model system, we used the 
Mls-la superantigen-E,Ep-MHC molecule 
combination, because potentially Mls-la- 
reactive cells that use Vp6 as one of their T 
cell receptor (TCR) chains can be followed 
by analyzing Vp6 expression among T cells 
(2). 

Although some of the requirements for 
tolerance induction in Mls-la reactive cells 
have been addressed (7, 11, 12), several 
issues remain unresolved. Because some 
Mls-responsive cells are CD8+, it is not clear 
how these cells depend on the MHC (13). 

Biological Response Moditiers Program, National Can- 
cer Institute, National Institutes of Health, Bethesda, dle presumed dependence of 
MD 20892. deletion on EaEp in Mls responsive cells was 

shown only indirectly (12), in cell-transfer 
or chimera-ex~erime&s. It is unclear wheth- 
er induction of nonresponsiveness to Mls-la 
(7, 14, 15) is dependent on E,Ep, or AaAp. 
Induction of in vitro responsiveness to Mls- 
la can be blocked by both A,Ap- 
and EaEp-specific monoclonal antibodies 
(MAbs) (16). 

To address whether Mls-la tolerance is 
dependent on E,Ep, Mls-la expressing mice 
[DBN2 or (DBN2 x C57B1/6)F,] were 
treated from birth with saturating doses of 
MAb to E,, and the presence of potentially 
MIS-la reactive cells was analyzed by follow- 
ing the fate of Vp6+ T cells. MAb-mediated 
blocking of either class I or class I1 MHC 
molecules from birth can abrogate develop- 
ment of CD8 or CD4 expressing T lyrnpho- 
cytes, respectively (17, 18). Analysis of Em 
and Ap expression in the spleen, lymph 
nodes, and thymus of treated mice con- 
firmed the complete blocking of recognition 
of expression of E,, whereas recognition of 
Ap was unaffected (1 7, 19). The effects of 
this treatment on development of the T cell 
repertoire were analyzed with MAbs specific 
for the variable (V) region of the T cell 
receptor p chain and flow cytometry. T cells 
that expressed Vp6 were detected in both 
the thymus and the periphery of anti-E, 
treated mice (Fig. 1) albeit at lower percent- 
ages than in EaEp- mice, probably due to 
partial deletion through recognition of Mls- 
la in association with AaAp (IS), but not in 
untreated controls. Additionally, this treat- 
ment prevented the deletion of other T cells 
that do not mature in the presence of E,E, 
[that is, V p l l  and Vp5; (3, 20)]. As a 
control, mice were also analyzed for expres- 
sion of Vp14, which identifies a TCR not 
dependent upon E,Ep for selection (21). 
The percentage of T cells expressing Vp14 
was either unaffected or decreased (Fig. l ) ,  
most likely reflecting the concomitant in- 
crease in T cells with other receptors (Vps 3, 
5, 9, 11, 12, and 16) (22) normally deleted 
in EaEp-expressing mice of the strains used 
here. The total number of ap TCR express- 
ing T cells in either the CD4+ or CD8+ 
subset of T cells was also not affected by the 
anti-E, treatment (Fig. 1). Treatment with 
MAb for the other major class I1 molecule in 
DBN2 mice, AaAp, had no effect (19). 
Thus, E,Ep expression is necessary and suf- 
ficient for clonal deletion of VP6+ T cells. 

Subsequent experiments focused on the 
functional reactivity of the Vp6+ T cells 
found in anti-Em-treated mice. The Vp6+ T 
cells were analyzed both for their response 
to stimulation through direct crosslinking of 
their TCRs with MAbs and their response 
to syngeneic stimulator cells, to test for 
possible reactivity with self antigens. If, as 
for deletion, induction of nonresponsiveness 
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requires EaEp, the T cells might be func- 
tional since tolerance induction would be 
precluded by the blocking of EaEp. Alterna- 
tively, tolerance induction may not require 
EaEp expression, but may utilize AaAp or 
may be entirely class 11-independent. Both 
thymocytes and spleen cells from anti-Em- 
treated mice proliferated in a dose depen- 
dent fashion to immobilized MAb to Vp6 
(Fig. 2). Whereas the responsiveness of 
these Vp6+ cells is lower than that of control 
MIS-lb mice (23), the dose response curves 
are qualitatively similar. Because these cells 
werh cultured the absence of any exoge- 
nous lymphokines, the Vp6+ cells from 
treated mice apparently have no defects in 
either lymphokine production, or TCR and 
lymphokine receptor signalling. This was 
confirmed in a lymphokine production assay 
for interleukin-2 (IL-2) and IL-4 (24). In 
contrast. untreated littermates that do not 
express Vp6 do not respond to anti-Vp6 
cross-linking over a range of MAb doses 
(Fig. 2, A and B). Yet T cells from control 
mice responded vigorously to MAbs to 
Vp14 and to the ap TCR (25), in a quali- 
tatively similar fashion as T cells from anti- 
Em-treated mice. Thus the effects induced 
by anti-E, treatment are specific for Vp6- 
expressing T cells. 

We determined whether peripheral T cells 
from these mice were functionally tolerant 

A control Anti-IE 

of self antigens such as Mls-la and largely 
unidentified cotolerogens (2, 3, 12) 111 ' asso- 
ciation with EaEp. The number of T cells 
that escape deletion in anti-Em-treated mice 
is potentially large, because it includes not 
only the populations that express Vps 5, 6, 
and 11 detected here, but additional EaEp- 
dependent T cell subsets that express Vps 3, 
9, 12, and 16 (22). However, responses to 
self antigens in vivo would not be elicited 
because the continued treatment with anti- 
Em-MAbs blocks recognition of potential 
antigenic sites. Consistent with this predic- 
tion, anti-Em-treated mice appear healthy, 
and no treatment related deaths are observed 
within the time frame of the experiments (4 
to 5 weeks). We therefore compared the 
capacity of T cells from treated and control 
mice to respond in vitro to syngeneic and 
allogeneic stimulator cells in a mixed lym- 
phocyte culture (MLC) assay. Whereas 
spleen cells (Fig. 2C) from control mice only 
responded to allogeneic stimulator cells, pe- 
ripheral T cells from anti-Em-treated (DBN 
2 x C57B1/6)F, mice responded to a vari- 
ety of syngeneic stimulator cells (Fig. 2C) 
(26). The target antigens in such an assay are 
undefined, but T cells from anti-Em-treated 
mice were not functionally tolerant of self 
antigens, at least not those expressed on 
spleen cells. In an attempt to define at least 
some of the self antigens to which T cells 

B control Antl-IE 

Vpl 4 

Fig. 1. Anti-En MAb treatment of Mls-la mice blocked deletion of V,6+ T lymphocytes in (A) thymus 
and (B) lymph nodes. DBN2 (A) or (DBN2 x C57B116)Fl (B) mice were daily injected 
intraperitoneally from birth with 500 pg of purified MAb to En (14-4-4) (33). Controls received saline 
injections, after previous studies demonstrated that irrelevant IgG injections had no effect (17, 18). 
Thymocytes were enriched for single positive mature T cells by treating mice with 2.5 mg hydrocorti- 
sone acetate 48 hours before analysis. T cells were purified from lymph nodes by treatment with a 
cocktail of MAbs to class I1 (anti-% plus anti-En, that is, MKD6 and 14-4-4) (33) and complement. 
Viable T cells were isolated after centrifugation over Lympholyte-M, and stained with either fluorescein 
isothiocyanate (F1TC)-labeled V,6 [RR4-7 MAb (33)] or anti-V,14[14-2 MAb (21)] .  Separate 
samples were stained with FITC-conjugated anti-as TCR [H57-597 MAb (33)]. After washing, cells 
were stained with biotinylated MAb specific for CD4 (GK1.5) (32) and then allophycocyanin labeled 
avidin (Caltag). Flow cytometry analysis was done on a Becton-Dickenson Dual Laser 440 interfaced 
to a PDP 11/24 computer. Data were collected on 50,000 cells. V,S normalized to the percentage of 
a s  TCR+ cells were as follows: (A) Thymus: Control, V,6: 0.5%, V,14: 8.2%; Anti-Ea-treated, V06: 
2.1%, V,14: 7.0%. (B) Lymph Nodes: Control, V,6: 0.2%, V014: 8.3%; Anti-En-treated, V,6: 
3.2%, V,14: 5.3%. Results are representative of 10 separate experiments. 

from anti-Em-treated mice are responding in 
MLCs, we determined the Vp6-expression 
among peripheral T cells from anti-Em- 
treated DBM2 mice after in vitro activation 
with Mls- la-expressing (DBN2) stimulator 
cells. As expected, peripheral T cells from 
anti-Em-treated mice, after 5 days of in vitro 
culture with syngeneic DBN2 stimulator 
cells, had increased the percentage of Vp6+ 

Stimulator cell 

Fig. 2. V,6+ thymocytes (A) and splenic T cells 
(6) from anti-Ea-treated Mls-la mice respond to 
specific MAb cross-linking, and spleen cells re- 
spond to syngeneic stimulator cells (C). Black 
bars, control; white bars, anti-Ea-treated 
(DBN2 x C57B1/6)Fl mice were daily injected 
intraperitoneally from birth with 500 pg of puri- 
fied MAb to En. Thymocytes were enriched for 
mature single-positive T cells by treatment with 
J11D (33) and complement. Spleen cells were 
enriched for T cells by treatment with a cocktail of 
MAbs to dass I1 (anti-% plus anti-En) and com- 
plement. For MAb cross-linking assays, purified 
MAb to VB6 was diluted to the indicated concen- 
tration in PBS, plates were incubated for 2 to 3 
hours at 37"C, and were washed three times 
before use. Responder cells were added at a 
concentration of 2 x lo5 cells per well. Assay was 
for 3 days with a label of 1 pCi of [3H]thymidine 
added 18 hours before harvest. For mixed lyrn- 
phocyte cultures (MLCs), stimulator spleen cells 
were added at 2, 4, and 8 x lo5 cellslwell, and 
responder cells at 2 x lo5 cellslwell; culture was 
for 4 days, including 18 hours of label with 1 pCi 
of [3H]thymidine. Values shown are those ob- 
tained at the stimulator cell numbers giving opti- 
mal responsiveness (4 x lo5). All determinations 
were performed in triplicate, and data are ex- 
pressed as delta cpm (cpm values of experimental 
groups minus cpm values of responder cells 
alone); standard errors were generally less than 
10%. Results are representative of 10 separate 
experiment;. 
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T cells that expanded to 25% of all cup 
TCR-expressing T cells by day 8 of culture. 
Stimulation with C3WHeJ stimulator cells 
(Mls-lb) had no effect on Vp6 expression 
(27). In summary, Vp6-expressing cells res- 
cued from intrathymic clonal deletion were 
not functionally tolerant; they proliferated 
and produced lymphokines in response to 
TCR stimulation. Thus, not only clonal 
deletion, but also induction of clonal nonre- 
sponsiveness is dependent on EaEp: devel- 
oping T cells cannot become unresponsive 
to Mls because all EaEp molecules are 
blocked, and the unaltered expression of 
AaAp in anti-E,-treated mice is insuEicient 
for tolerance induction. Our model system, 
therefore, creates an environment in which 
the two known pathways of tolerance induc- 
tion, clonal nonresponsiveness and intrathy- 

Fig. 3. Reexpression of self E,EB results in clonal 
elimination. Mice were treated with anti-E, as 
described in Fig. 1, and tested at the age of 6 to 7 
weeks. Control mice are shown in (A). Mice were 
treated either continuously (B) or until 12 days 
(C), 23 days (D), 31 days (E), or 34 days (F) 
before analysis. Mice in (F) were also thymeao- 
mized at the time the anti-E, treatment was 
terminated, and were free of any thymic remnants 
on the day of analysis. Thymeaomy alone (that is, 
with continued anti-E, treatment) does not result 
in changes in the percentage of VB6 expressing T 
cells. Data are representative of three independent 
experiments, and reflect VB6 expression and CD4 
expression in T cell-enriched lymph nodes (ob- 
tained as described in Fig. 1). Identical findings 
were obtained in the spleens of these mice. In the 
experiments shown, the percent of VB6 cells 
normalized to the number of ap TCR expressing 
cells is (A), 0.2; (B), 3.4; (C), 2.4; (D), 1.4; (E), 
0.9; and (F), 3.1. The apparent increase in per- 
centage of V 6 in (F) reflects the fact that the 
vB6+c~8-ce&s  did not change in absolute num- 
bers, whereas a 75% reduction in absolute num- 
bers of up TCR-expressing cells in the lymph 
nodes of thymeaomized mice occurred. 

mic clonal deletion, are blocked. 
We next asked how the V,6 T cells that 

escaped deletion and anerb in anti-Em- 
treated mice would respond-to reexpression 
of the self antigens responsible for tolerance 
induction. Mice were first treated with anti- 
Em MAb to allow Vp6+ T cells to mature in 
the thymus and escape to the periphery. To 
achieve reexpression, MAb treatment was 
then terminated, such that mice could reex- 
press EaEp; expression of EaEp and Vp6 
were monitored by flow cytometry analysis 
during the subsequent weeks. The number 
of detectable Vp6+ T cells in the periphery 
decreased with time after cessation of anti- 
E, treatment (Fig. 3). There was no indica- 
tion of activation of Vp6 expressing T cells 
as defined by IL-2 receptor expression or 
blast formation (28). T cells that expressed 
Vp6 disappeared from both the spleen and 
the lymph nodes, suggesting that elimina- 
tion applies to the whole recirculating lym- 
phocyte pool. Additional contributions to 
this elimination may be made by sequestra- 
tion to nonlymphoid sites, such as mucosal 
tissues (29), but would still reflect a clonal 
event. since T cells with B chains that have 
no specificity for EaEp 'do not disappear 
after reexpression of E,Ep. However, the 
disappearance of Vp6+ T cells was gradual. 
Termination of anti-E, MAb treatment re- 
sulted in detection of EaEp by flow cytom- 
etry in the periphery by day 7. There were 
no significant changes in the number of 
Vp6-positive T cells until day 8 (Fig. 4), and 
even at 12 and 23 days after anti-E, treat- 
ment, some Vp6-expressing T cells were 
detected (Fig. 3, C to E). Yet by 31 days 
after treatment, d Vp6+ T cells disappeared 
from both the CD4 and the CD8 subset of 
peripheral T cells (Fig. 3E). Thus, clonal 
elimination can occur not only in immature 
thymocytes (1-4, 30) but also in mature 
single positive T cells that previously dis- 
played functional reactivity; deletion, se- 
questration to nonlyrnphoid sites, or both, 
could be responsible. 

Since previous studies demonstrated that 
clonal deletion during early T cell develop- 
ment occurs in the thymus (1-4, we ad- 
dressed to what extent the clonal deletion of 
functional T cells was a thymus dependent 
phenomenon. As in the nonthymectomized 
mice (Fig. 3E), CD4+ cells with Vp6 TCRs 
disappeared (Fig. 3F), demonstrating ex- 
trathymic clonal elimination of mature 
CD4+ T cells with self-reactive receptors. 
Some CD8+ T cells with Vp6 receptors 
remain in the thymectomized mice (Fig. 
3F); perhaps these cells represent a popula- 
tion that does not recognize Mls-la in asso- 
ciation with EaEp or is dependent on CD4+ 
cells for recognition of Mls. The lack of 
elimination of these extrathymic mature sin- 

0 2 4 6 8 1 0  

Days after last inlection 

Fig. 4. Kinetics of disappearance of VB6 express- 
ing T cells after termination of anti-E, treatment. 
Squares, control; circles, anti-Ea-treated mice 
were treated as described in Fig. 1 with anti-E, 
MAb for 14 days, and VB6 expression was ana- 
lyzed by flow cytometry on whole lymph node 
cells on the days indicated, after treatment with 
anti-E, had been stopped. Expression of E,EB can 
first be detected again in the spleens and lymph 
nodes on day 7 after the last injection of anti-E,. 
Data shown are normalized to the percent of ap 
TCR expressing T cells in the lymph nodes and 
are representative of three independent experi- 
ments. 

gle positive CD8+ T cells contrasts with 
intrathymic clonal deletion that occurs at the 
CD4+CD8+ stage of T cell development 
(1-4, 30) and therefore affects both CD4 
and CD8 subsets. 

Our data with anti-E,-treated mice that 
were thymectomized and allowed to reex- 
press EaEp show that mature peripheral T 
cells with self-reactive receptors are subject 
to extrathymic clonal elimination. Where 
and how extrathvmic autoreactive cells are 
eliminated remaks to be elucidated. The in 
vitro expansion of Vp6 T cells upon antigen- 
ic stimulation suggests that the in vivo dis- 
appearance observed among peripheral Vp6 
T cells does not reflect a property inherent to 
specific signalling properties of certain T cell 
receptors, as also reported for T cells recog- 
nizing staphylococcal enterotoxins (31). 
Thus, these findings do not provide support 
for the suggestions (10) that tolerance is 
dictated by the developmental stage at 
which T cells encounter self antigens. Rath- 
er, the consequences of antigenic stimula- 
tion may be determined by the manner of 
antigen presentation. In vitro stimulation 
may cause expansion because costimulatory 
signals required for lymphokine productioh 
(32) are provided, whereas in vivo exposure 
to self antigens apparently elicits signals 
leading to clonal elimination. While the 
mechanisms responsible for the disappear- 
ance of potentidy self-reactive peripheral T 
cells therefore remain to be determined, this 
process can clearly be employed for mainte- 
nance of self tolerance. 
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(3) although attempts have been made to 
identify antibodies in insects (4). Some in
sect proteins (5-7) have been reported to 
contain Ig-like domains (8). However, these 
proteins do not seem to be involved in the 
immune response, but rather they play a role 
in neural cell interaction. 

Antibacterial proteins have been identi
fied in the giant silk moth, Hyalophora cecro-
pia, and these proteins constitute an impor
tant part of the humoral immune defense. A 
set of proteins induced by bacterial infection 
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Insects have an efficient defense system against infections. Their antibacterial immune 
proteins have been well characterized. However, the molecular mechanisms by which 
insects recognize foreignness are not yet known. Data are presented showing that 
hemolin (previously named P4), a bacteria-inducible hemolymph protein of the giant 
silk moth Hyalophora cecropia, belongs to the immunoglobulin superfamily. Function
al analyses indicate that hemolin is one of the first hemolymph components to bind to 
the bacterial surface, taking part in a protein complex formation that is likely to initiate 
the immune response. 

21 DECEMBER 1990 REPORTS 1729 


