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A Nondeletional Mechanism of Thymic Self Tolerance 

radioresistant elements within the thymus 
can induce self tolerance. 

T o  manipulate the site of antigen expres- 
sion, a series of radiation bone marrow 
chimeras were constructed such that the 
antigens recognized by specific Vg's were 
expressed only by the radioresistant host 
cells and not by bone marrow-derived ele- 
ments. All of the chimeras were of the 
parent bone marrow into FI-irradiated host 
type (P + F I ;  H-2' or H-2k + H-2'Xk) in 
which the host (BIO.S x AKR)FI was al- 
ways held constant. This host expresses the 
M H C  haplotype ~ - 2 " ~ ,  and the minor 
l y n ~ ~ h o c y ~ e  stimulatory (Mls) antigens, 
Mls-laXb. The donor was derived from ei- 
ther H-2%r H-2k strains that were ~ l s - 1 ' .  
In all cases the donor and host could be 
distinguished by their expression of either 

FRED RAMSDELL, TRACY LANTZ, B. J. F O W L I ~ S  CD5 or CD45 alleles. 
Initially we analyzed the chimeras for 

T cells become tolerant of self antigens during their development in the thymus. clonal deletion of Vp6-bearing T cells. T 
Clonal deletion of thymocytes bearing self-reactive T cell receptors is a major cells bearing Vp6 are deleted in Mls-la mice 
mechanism for generating tolerance and occurs readily for antigens expressed by bone if these mice express certain M H C  haplo- 
marrow4erived cells. Tolerance to antigens expressed on the radioresistant thymic types such as H-2k and H-2d (such haplo- 
stromal elements is demonstrated here to occur via a nondeletional mechanism. For types are referred to  as "permissi~~e" for Mls 
minor lymphocyte stimulatory (Mls-la) and major histocompatibility complex (MHC) presentation) (10). T o  increase the reliabiliq 
antigens, this alternate form of tolerance induction results in clonal anergy. of the analysis, we enriched thymocytes for 

mature cells by J l l d  iMAb (14) plus com- 

I T IS OUR CURRENT VIEW THAT A PRE- though there is evidence that clonal deletion plernent lysis. This treatment enriches for 
cursor T cell entering the thymus will occurs via an interaction with bone mar- C D ~ ~ '  mature cells (>90%). Two-color 
ultimately undergo one of three devel- row-derived cells, it remains unclear wheth- flow cytometric (FC) analyses of Vg6 versus 

opmental fates. An immature T cell that er epithelial elements within the thymus can CD4 or CD8 were performed, and the 
does not recognize any component of the also promote this event. In radiation bone resulting data were normalized for the num- 
thymic stroma will die, presumably via a marrow chimeras, donor T cells may devel- ber of CD~"' ,  CD4'8-, or CD4-8' cells 
type of programmed cell death (1). An op functional tolerance to  radioresistant thy- (an example of which is in Fig. 1) .  Vp6 cells 
interaction benveen the thymocyte T cell mic epithelial antigens (3, 13). We now were present in SJL (H-2') mice (Fig. lA),  
receptor (TCR) and M H C  molecules (or investigate the mechanism by which the but deleted in both the CD4'8- and 
M H C  plus peptide) on a radioresistant epi- 
thelial element rescues the cell from death 
and allows differentiation to  a functionally Table 1. Analysis for clonal deletion of V86 thymocytes in chimeras made with an Mls-la-bearing host. 

mature T cell (positi,,e selection) (2-4) .  Bone marrow chimeras were constructed as in Fig. 1. The (BIO.S x AKR)F, host is MIS-lax '  and all 
donors are Mls-lb except CBA/J, which is Mls-la. This latter chimera senTes as a control to indicate the 

contrast, with bone marrow- V86 frequency when the antigen relevant for deletion is on both the host and donor. The FC analysis 
derived elements such as macrophages or was performed 35 to 80 days after reconstitution when chimeras were >97% donor Vpe. For FC 
dendritic cells result in clonal deletion of the analysis, thymocytes from individual mice were treated with J11d.2 plus complement to enrich for 
self-reactive thymocyte (5-7). mature cells. Remaining cells were stained as in Fig. 1. Percentages represent the arithmetic mean and 

Our of tllymic tolerance SEM for three to eight individual animals. Ail values have been normalized to include only CD3H' cells. 

was enhanced by the development of mono- Vp6 thymoytcs (%) 
clonal antibodies (MAbs) to the uarticular Strains 

I 

TCR Vp regions that confer specificity for Total* CD4'8-+ CD4-8*$ 
defined antigens (8-30). These MAbs were H-2" donors 
used to show that clonal deletion of self- SJL- (B1O.S x AKK)F, 9.7 (21.9) 10.1 ( t 2 . 0 )  8.2 ( i 1 . 2 )  
reactive cells is a major mechanism for main- AS*+ (B1O.S ~ K ) F I  5.9 (20.5) 5.7 (20.6) 7.2 (20.8) 
taining tolerance to self antigens. This pro- SJL 10.6 (20.6) 8.8 (20.3) 14.2 (k0.6) 

A.SW 7.2 (20.4) 6.1 (k0.5) 11.2 (21.5) 
cess also occurs in transgenic mice in which (KIO,S m K ) F ,  0.2 (20.1) 0.1 (20.1) 0.3 (20.3) 
the majority of T cells bear a single receptor ( S ~ L  x AKK)F, 0.9 (20.3) 0.9 (20.3) 0.6 (20.3) 
with autospecificity (1 1). H-zk donors 

Deletion occurs at a CD4'8' precursor CBAIJ--t (K1O.S AKR)Fl  0.7 (20.3) 0.7 ( i O . l )  1.9 (21.5) 
CBhiCa --t (BIO.S x AKR)F, 0.5 (20.3) 0.3 (k0.4) 0.7 (20.7) 

stage of development and involves the CD4 C3H + (KIO,S AKK)F, 2.2 (k1.0) 2.3 (21.1) 2.0 (21.2) 
and CD8 accessory molecules (12). Al- CBNJ 0.6 (k0.3) 0.5 (20.1) 0.8 (20.2) 

CBhiCa 10.2 (21.2) 8.8 (21.3) 14.5 (20.6) 
C3H 12.2 (20.6) 9.8 (k1.7) 16.4 (24.1) 

Laboratory of Cellular and Molecular Imnlunology, Na- a 
tional Instimtes of Allergy and Infectious Diseases, Na- *Values represent total Vp6+ cells divided by total CD4-8+ ( X  100). tValues represent Vp6', CD4'8- cells 
tional Institutes of Health, Bethesda, MD 20892. divided by total CD4+8- ( X  100). :Values represent Vp6', CD4-8' cells divided by total CD4-8+ ( x  100). 
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Fig. 1. Analysis of Vp6 expression A B c 
by CD4+8.- and 0 4 - 8 '  thymo- 
cyte subsets in normal donor (A), 
P -, FI  chimera (B), or normal 
host (C). SJI> mice were obtained 
from the National Cancer Institute, 
National Institues of Health. 
(B1O.S x AKK)F, rnice were bred 
in our facility. Bone marrow chime- 1 0  1 0 0  1000  1 0  1 0 0  1000  1 0  I O O I O O O  
ras were constructed by 1000-K 
gamma irradiation (Cs source) of " ~ 6  

(B1O.S x AKK)Fl mice followed by intravenous injection of 1 x 107 to 2 x lo7 T-dcpleted bone 
marrow cells 12 to 24 hours later. (B1O.S x AKK)FI rnice were maintained in sterile cages and on 
antibiotic water (Riosol, Upjohn) throughout the study. T cell depletions were done with a mixture of 
MAbs to Thy-1 [JIJ (28) or T11 D7e (Bioproducts for Science)] and CD5 (C3PO) (14) and 
complement (Low Tox-M, Cederlane). FC analysis was performed 35 to 80 days after reconstitution, 
when chimeras were >97% donor type. For FC analysis, thymocytes were treated with J11d.2 (14) plus 
complement to enrich for mature T cells (>90% CD3H'). The remaining cells were stained with a MAb 
to Vp6 (KK4-7) (29) and fluorescein isothiocyanate (F1TC)-labeled goat antibodies to rat immuno- 
globulin G (IgG) (Kirkegard and Perry), then a biotinylated MAb to CD4 (H129.19) (30) or CD8 
(Recton Dickinson; not shown in figure) and allophycocyanin-avidill (Caltag). Cells were analyzed on a 
FACS 440. 

Table 2. Vp17a+ thymocytes are not deleted in SJL + (B1O.S x AKR)FI chimeras. J l  ld- thymocytes 
wcrc prepared as in the legend to Fig. 1 and analyzed by hvo-color FC for Vp17a versus CD4 or CD8. 
Anti-Vp17a (KJ23) binding was detected with FITC-labeled goat antibody to mouse IgG2a (Fisher) 
and counterstaincd for CD4 and CD8 as in Fig. 1. Chimeras were >95% donor type. Percentages 
represent arithmetic mean and SEM for three to eight individual animals, and values are normalized to 
C1)3H' cells. 

Vp 17a Thymocytcs (%) 
Strains 

Total* C1)4+8-+ CD4 8'+ 

SJI,+ (RIO.S X AKK)F, 7.4 (20.7) 8.0 ( i 0 . 8 )  5.0 (21.0)  
SJI, 10.4 (k0.4) 12.3 (21.5) 7.5 (20.9)  
(SJL X AKR)F1 2.1 (20.9)  2.3 (21.1) 1.6 ( i 0 . 6 )  

*Values reprcscnr roral V,17' cclls divided by total C134'8 + C134-8+ (X 100). tValucs rcprcsent total 
Vp17+. C114+8 cclls divided by total C D 4 + 8  ( x  100). iValucs rcprcsent roral V,17+, CD4-8' cells di\zided 
by total C D 4  8+  ( x 100). 

CD4-Sf T cell subpopulations in normal 
(B1O.S x AKR)FI mice (Fig. 1C). Howev- 
er, Vp6 was not deleted in bone marrow 
chimeras with this F I  as the recipient when 
the donor was SJL (Fig. 1B). 

In a series of similar chimeras, thymocytes 
and lymph node cells were analyzed for Vp6 
(Table 1); however, since the results were 
comparable, only the thymus data are shown 
(15) .  Whenever the donor was of the H-2' 
haplotype, little or no deletion of Vp6 thy- 
mocytes occurred in the CD4'S- subset. In 
contrast, when the donor was ~ - 2 ~ ,  dele- 
tion of Vp6 cells was extensive in both the 
CD4 and CDS subsets. The host was the 
same in all of these chimeras; therefore, the 
ability to  cause deletion was a function of 
the bone marrow donor rather than the 
host. Because the relevant Mls antigen was 
contributed only by the host, these obsen~a- 
tions are consistent with previous findings 
that the Mls-la antigen can be expressed by 
radioresistant cells in the host and trans- 
ferred t o  donor-derived cells that mediate 
deletion, whenever the donor expresses an 
appropriate M H C  haplotype (16). As dele- 
tion was good with H-2k donors, yet poor 
with H-2' donors (using the same host), the 
radioresistant thymus that expressed H-2"Xk 

and had the relevant self antigen was, there- 
fore, poor at inducing clonal deletion (17, 
18). It  is unknown at the present time 
whether the Mls antigen was from the thy- 
mic epithelium or  from some other source 
within the irradiated host. In this regard, no 
B cells of host type were detected in the 
chimeras. This issue of whether the thymus 
provides the ~Mls, however, can be addressed 
by thymus-grafting experiments. 

T cells bearing Vp17 were also analyzed in 
the SJL + (B1O.S x AKR)FI chimera (Ta- 
ble 2).  This T C R  Vp is specific for M H C  
class 11, I-E molecules (8, 19), which in the 
chimera are expressed only by the 
(B1O.S x AKR)FI host. !Most Vp17-bear- 
ing cells ( t 7 0 % )  were not deleted in the 
chimera, whereas >SO% of Vp17' cells are 
deleted in the (SJL x AKR)FI.  Similar re- 
sults were obtained by thymus grafting ex- 
periments (7). There are several possible 
reasons that the frequency of Vp17' cells is 
lower in the chimera compared to a normal 
SJL. There are differences in the positive 
selecting elements, which are associated 
with the thymic epithelium, and could 
therefore arect the Vp17 frequency. Not  all 
Vp17' cells are specific for I-E (20), and 
therefore deletion may be mediated by other 

host-derived antigens presented in the con- 
text of donor MHC.  Finally, it is possible 
that the thymic epithelium was causing a 
partial deletion of V p l 7 +  cells (perhaps only 
of high-affinity clones). If this decrease does 
reflect deletion mediated by the epithelium, 
it is an inefficient process relative to  that 
mediated bv bone marrow-derived ele- 
ments. This was confirmed in the mixed 
bone marrow chimera SJL + (B1O.S x 
AKR)FI -. (BIO.S x AKR)FI .  In chimeras 
of this type, in which the F I  donor-derived 
cells make up only 20% of total donor cells, 
the frequency of Vp17' cells was similar to  
the (SJL x AKR)FI controls (21). As was 
the case for Vp6, the data for Vp17 suggests 
that the thymic epithelium is poor at induc- 
ing clonal deletion of self-reactive thymo- 
cptes. 

The SJL -. F I  chimeras appeared healthy 
and sunlived with no sponta&ous deaths or 
evidence of disease. However, since substan- 
tial numbers of Vp6- and Vp17-bearing T 
cells were not deleted in S J L +  (B1O.S x 
A1ZR)Fl chimeras, we determined whether 
these mice were functionally tolerant of the 
relevant host antigens, ~Mls-la and I-E. The 
c a p a c i ~  of T cells from these chimeras t o  
respond to F I  host cells was tested in a 
mixed lymphocyte response (MLR) assay 
(Fig. 2).  Whereas cells from the chimera 
responded vigorously to  a third party con- 
trol, they failed to  respond to the 
(B1O.S x AKR)FI stimulators (as well as to  
normal SJL). Both lymph node cells (Fig. 
2B) and mature thymocytes (Fig. 2D) were 
nonresponsive to  the host-type stimulators, 
whereas the corresponding populations of T 
cells from a normal SJL responded well 
(Fig. 2, A and C) .  These results suggest the 
donor-derived T cells were tolerant b f  host 
antigens. 

These data are in contrast with previous 
studies involving thymus grafts into nude 
mice in which only incomplete tolerance was 
obsenred (5, 6). In these earlier experiments, 
the thymus grafts were depleted of host 
bone marrow-derived cells with deoxyguan- 
osine before transplantation. Cells from the 
grafted mice showed little or no tolerance of 
the graft M H C  type in an MLR, despite 
maintaining the thymus in vivo. In certain 
other P + F I  chimeras involving high irra- 
diation of the host, tolerance was obsenled 
for CD4-Sf but not CD4'S- cells (22). 
Whether these qualitative direrences in the 
extent of tolerance reflect differences in the 
methods used to generate the chimeric situa- 
tion or some other aspect of the experimen- 
tal procedure is unclear at present. 

Therefore, t o  test the tolerant status of the 
chimeric cells in vivo, in an environment 
that might prime any cells with host reactiv- 
ity, normal (B1O.S x AKR)FI mice were 
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irradiated and injected with lymph node 
cells from an SJL -. (BIO.S xAKR)FI chi- 
mera (Fig. 3). Transfer of normal SJL, but 
not chimeric, lymph node cells resulted in 
the death of the recipient, most llkely from 
graft versus host disease (GVHD). The chi- 
meric cells were functional in this assay, as 
they could kill a third party (DBAI2) recipi- 
ent. The failure to elicit a lethal GVHD by 
the chimeric cells shows that they were 
specifically tolerized to all host antigens in 
the chimera and are resistant to priming. 

Since T cells from the chimera were toler- 
ant of self antigens of host orlgin, but little 
clonal deletion had occurred, we determined 
whether cells bearing the relevant specific 
Vp's were able to undergo TCR-mediated 
activation. In other studies, purified 
CD4'8- or CD4-8' cells proliferate in 
response to immobilized MAbs to TCR 
(21). Thus, lymph node cells or J l l d -  thy- 
mocytes were stimulated with MAbs to Vp6 
or Vp17 on microtiter plates (Fig. 4). Both 
the SJL and the SJL+ (B1O.S x AKR)FI 
chimeric thymoqrtes responded vigorously 
to the H57-597 MAb (23) that recognizes 
all ap TCR cells (Fig. 4A). In individual 

Lymph node responders 

C .- 
E Jlld- thyrnocyte responders 

5L 0 1 5 10 l ; L  1 5 10 

Stimulators per well ( x 105) 

Fig. 2. SJL -+ (BIO.S x AKR)F, chimeras are 
tolerant of F ,  hosts in an MLR. Cells from SJL (A 
and C) or SJL -+ F I  chimeras (B and D) were 
plated (2 x lo5 per well) in round-bottomed 96- 
well plates. Responders (>95% donor type) were 
either whole lymph node cells (A and B) or J l l d -  
thymocytes (C and D).  Stimulators were 3000-R, 
T-depleted spleen cells derived from B6D2 (O), 
(BIO.S X AKR)F1 (W),  or SJL (0). Stimulators 
were added, the plates were incubated at 37°C for 
4 days in complete medium [RPMI 1640 plus 
fetal calf serum (lo%)], and then the cells were 
pulsed with 1 pCi of [3H]thymidine for an 
additional 12 to 18 hours. Samples were pro- 
cessed for standard scintillation counting. Data 
represent one of three similar experiments. In 
additional experiments with other third party 
controls (DBAI2, BALBlc, and C57BV6), compa- 
rable results were obtained. 

. Fig. 3. P + FI  chimeric lymph 
l o o  2 node cells do not elicit a graft- 

versus-host response in secondary 
rn 80 F, hosts. (B1O.S x AKR)Fl (trian- 
.- 
> .- gles, circles, squares) or DBAIZ (di- 
2 60 amonds) mice were irradiated 600 
3 
~1 R (squares) or 750 R (triangles, - 5 40 diamonds, circles) and injected 
2 with lymph node cells (0.6 x lo7 
a 20 to 1.5 x lo7) from SJL (open sym- 

bols) or SJL -+ Fl  (closed symbols) 
0 

10 20 30 40 50 120 donors. All mice were maintained 
Days after transfer in sterile cages and on antibiotic 

water throughout the study. Analy- 
sis of samples from (BIO.S x AKR)FI recipients that had received chimeric lymph node cells 
demonstrated the presence of donor-type cells >I00 days after transfer. 

experiments, the response to this MAb var- 
ied slightly in magnitude between SJL and 
chimeric mice; nevertheless, the concentra- 
tion dependence was qualitatively similar. In 
contrast, the chimeras (either lymph node or 
J l  ld-  thymocytes) always responded poor- 
ly to antibody to Vp17 (anti-Vp17) or anti- 
body to Vp6 (anti-Vp6) (Fig. 4, B and C) 
(21). At the highest stimulating doses of 
anti-Vp17, the chimeras did proliferate, per- 
haps because not all Vp17' cells are specific 
for I-E (20). This explanation is supported 
by the incomplete deletion of Vp17 in the 
(SJL x AKR)Fl (Table 2). Nonetheless, 
the response to Vp17 in the chimeric mice 
demonstrates a significant shift (100 times) 
in the concentration dependence. 

We next explored the mechanism of the T 

cell anergy induced by thymic stromal ele- 
ments. Under certain circumstances helper T 
cell clones can be rendered unresponsive 
because of an inability to produce interleu- 
kin-2 (IL-2), despite the expression of h c -  
tional IL-2 receptors in response to TCR 
occupancy (24). Tolerized peripheral T cells 
also express IL-2 receptors in response to 
antigen (25). When we stimulated Vp17' 
and Vp6' cells from SJL -. (B1O.S x 
AKR)FI with (B1O.S x AKR)FI spleen 
cells or anti-Vp, the chimeric cells expressed 
IL-2 receptors (21). Addition of IL-2 par- 
tially restored the proliferation to anti-TCR 
stimulation, suggesting that at least one 
defect is in IL-2 production (Table 3). The 
failure to restore proliferation to control 
levels with the addition of IL-2 indicates 

A B c Fig. 4. P + F, chimeric T cells 
Anti-op Anti-Vol 7 Anti-V"6 show Door resoonses to s~ecific 

X 120 
2 loo 
. 80 

G m  
$ 4 0  c 20 ILL' 
Q O 1m,m 1o.m lm 

MAb dilution MAb (ygiml) MAb (ygiml) 

pulsed, and harvested as in Fig. 2. Data represent one of four sim 
T cells, which lack the gene for Vp17a and clonally delete cells 
values less than 10% that of normal SJL T cells. 

anti-VD stimulation. J l l d  thymo- 
cytes from SJL (0) or SJL+F, (H) 
mice were incubated in 96-well U- 
bottomed microtiter wells previ- 
ously coated with the indicated 
concentrations of a diluted anti-ap- 
TCR ascites (A), purified anti- 
Vp17 (B), or anti-Vp6 (C). Re- 
sponder cells were used at 1 x lo5 
cells per well, and chimeric cells 
were greater than 95% donor type. 
Cells were incubated for 72 hours, 

~ilar experiments. Stimulation of CBAIJ 
bearing VD6, resulted in proliferation 

Table 3. Nonresponsiveness to MAbs to the TCR in P + F,  chimeras. Responders were J l l d -  
thymocytes (1 x lo5 cells per well) from SJL or SJL+ (BIO.S x AKR)F, chimeras. Chimeras were 
>95% donor type. Cells were incubated as in Fig. 4, except that suboptimal concentrations of anti- 
TCR were used and in the designated wells recombinant IL-2 (10 Ulrnl, Cetus) was added. The values 
(in counts per minute) represent the arithmetic mean (+SEM) of triplicate samples from one of two 
experiments; cells incubated in medium (*IL-2) were <I000 cpm. 

Proliferation (cpm) 

Stimulation SJL SJL -+ F I  

--IL-2 I-IL-2 -1L-2 +IL-2 
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that other defects exist in the tolerized cells, 
possibly involving TCR or IL-2 receptor 
signaling. 

Our data suggest that the radioresistant 
host in P —» Fi chimeras is a poor inducer of 
clonal deletion, yet is capable of generating 
tolerance by a nondeletional mechanism. 
The tolerant state appears to be induced in 
the thymus since mature thymocytes and 
lymph node cells appear to manifest compa
rable levels of tolerance (26). Nondeletional 
mechanisms of tolerance to Mis and MHC 
can be generated in the periphery (25, 21). 
This study provides evidence that similar 
mechanisms may be responsible for intrathy-
mic tolerance induction during T cell devel
opment. Although we cannot rule out the 
possibility that residual bone marrow—de
rived cells of host origin induce this toler
ance, they would have to be extremely effec
tive at inducing clonal anergy in a situation 
in which they are unable to promote effi
cient clonal deletion. Whereas the molecular 
parameters of this tolerant state and the 
means by which it is induced remain to be 
elucidated, these data demonstrate that the 
thymus is capable of inducing tolerance by 
at least two distinct mechanisms, clonal dele
tion and clonal anergy. 
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thymus in negative selection. We tested the 
requirement for a thymus in T cell repertoire 
selection by comparing TCR Vp expression 
in pairs of normal (thymus intact) and nu/nu 
congenic mice. 

Although athymic nude mice are severely 
deficient in peripheral T cells, Thy-1+ cells 
can be identified in these mice, especially as 
they become older (13-16). In the present 
studies, splenic T cells from 4- to 9-month-
old nu/nu mice and euthymic congenic mice 
were analyzed for expression of Vp3, Vp6, 
Vp8, and Vp l l with appropriate MAbs. 
Nearly all (90 to 95%) Thy-1+ cells from 
euthymic mice expressed the ap TCR as 
determined by the MAb H57-597 (17), 
whereas 20 to 60% of Thy-1+ cells from 
nude mice were a p + . 

B10 normal and congenic B10 nu/nu 
spleen T cells had no deletions of Vp3, Vp6, 

Failure of T Cell Receptor Vp Negative 
Selection in an Athymic Environment 

RICHARD J. HODES, SUSAN O. SHARROW, ADAM SOLOMON 

The mature T cell receptor (TCR) repertoire is the result of selection events during T 
cell development. Previous assessment of TCR p-chain selection with serologic and 
molecular probes demonstrated both positive and negative selection. Although this 
work suggested a critical role for the thymus, no direct assessment has been made of 
the requirement for a thymus in TCR Vp selection. A comparison of TCR Vp 
expression in four different congenic pairs of normal and nu/nu (athymic) mice 
indicated that the normal Vp deletions associated with tolerance to self minor 
lymphocyte stimulating (Mlsc) antigens or to self major histocompatibility complex 
(MHC)-encoded E„Ep products did not occur in most athymic mice. Thus, the 
thymus has a critical role in mediating self tolerance by negative selection. 
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