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Positive Selection of T Cells Induced by Viral 
Delivery of Neopeptides to the Thymus 
Naoko Nakano, Ronald Rooke, Christophe Benoist, 

Diane Mathis 

The relation between an antigenic peptide that can stimulate a mature T cell and the 
natural peptide that promoted selection of this cell in the thymus is still unknown. An 
experimental system was devised to address this issue in vivo-mice expressing 
neopeptides in thymic stromal cells after adenovirus-mediated delivery of invariant 
chain-peptide fusion proteins. In this system, selection of T cells capable of responding 
to a given antigenic peptide could be promoted by the peptide itself, by closely related 
analogs lacking agonist and antagonist activity, or by ostensibly unrelated peptides. 
However, the precise repertoire of Tcells selected was dictated by the particular neopep- 
tide expressed. 

M a t u r e  T lymphocytes display a biased 
repertoire of T cell receptors (TCRs) ,  en- 
riched for those that can recognize foreign 
antigens presented by the  animal's own ma- 
jor histocompatibility complex ( M H C )  
molecules and largely purged of those capa- 
ble of seeing self-antigens in  the  context of 
self-MHC molecules (1) .  These biases re- 
flect positive and negati17e selection pro- 
cesses that take place in  the  thymus, both 
controlled by interactions bet\veen the  
TCRs o n  differentlaring thymocytes and 
the  M H C  molecules o n  stromal cells. Posl- 
tive selection is of oarticular interest be- 
cause it shapes the  T cell repertoire to deal 
with antigens not encountered until some - 
time in  the  future, or even never. Other  
than that M H C  molecules are involved, the  
precise nature of the  ligands that promote 
positive selection remains undefined. 

O n e  svstem used to  address this issue 
relies o n  ;he add i t~on  of peptides to  fetal 
thymic organ cultures (FTOCs) derived 
from mouse strains carrylng mutations that 
interfere \\~ith peptide loading and surface 
display of M H C  class I molecules (2-10). 
These studies agreed that peptides are re- 
quired for positive selection, but disagreed 
o n  the  nature of the  most effective peptides 
and o n  their precise role. I n  addition, this 
approach has limitations: First, the  F T O C  
systems can give a n  indication of \vhich 
peptides are capable of enhancing the  se- 
lection of a given T C R ,  but do  not  address 
those actually responsible for selection; sec- 
ond, as discussed (1 1,  12) ,  such systems 
create a s~tuat ion in which thymocytes are 
exnosed to few M H C  molecules heal-ilv 
loaded n l t h  a single peptide, unllke the  
natural condition where manv M H C  mole- 
cules carry a heterogeneous mix of peptides. 

A n  alternative approach allows the  
identiflcation of T cells selected in vivo o n  

lnsttut de Genetque et de B o o g e  Molecula~re et C e u -  
a r e  (NSERM, CNRS, Unverslte Lous Pasteur). 1 rue 
Lauren: Fres, 67404 I k r ch .  C U de Strasbourg, France 

a defined peptide. Mouse strains were engi- 
neered that express M H C  class I1 molecules 
loaded with a single peptide-either by in- 
troduction of a transoene that encodes a 

0 

class I1 chain covalently llnked to a partic- 
ular peptide (13) or by generation of a null 
mutation of the  H-2M gene, resulting in  
class I1 molecules filled with a peptide de- 
rived from the  invariant chain (11) 114. 15) .  ~ , ,  , , 

Surprisingly, results from these studies were 
largely in  agreement: A single peptide pro- 
moted selection of a large number of T cells 
(13-15) with a diverse repertoire of TCRs 
(13, 14).  This approach has overcome one 
of the  criticisms of the experiments that use 
FTOCs but remains susceotible to the  sec- 
ond In that these systems produce a situa- 
tion in \vhich low (13) or normal (14, 15) 
amounts of M H C  molecules are loaded with 
essentially one peptide. 

T o  surmount both limitations, we iniect- 
ed mice intrathymically (i.t.) with an  ade- 
novirus vector that directs exoression of a 
peptide of choice (neopeptide) in  a form 
that favors its presentation by M H C  mole- 
cules o n  thymlc stromal cells. T h e  vector is 
a nonreplicating derivative of the  Ad5 
strain, bearing a deletion of the  critical E l a  

L. 

and b region (Fig. LA), which was replaced 
by a cassette that controls expression of a 
given cDNA in  cells that  normally express 
M H C  class I1 molecules (Flg. 1B). Intrathy- 
mic injection of adenoviruses carrying 
cDNAs within this cassette (16) results in  
measurable protein expression 10 days later, 
remaining detectable for about 4 weeks. 
Proteins are expressed in amounts similar to 
those of endogellouslv encoded M H C  class 
I1 molecules a:d occur primarily in the  class 
11-posit~ve epithelial cells of the  cortex and 
medulla. Expression IS confined to  an  area 
about 3 t o  20% of the  injected lobe, does 
not  "spread" to a n  adjacent uninjected lobe, 
and is not  detectable in  the per~pheral lym- 
phoid organs. Thus, t h ~ s  system permlts one 
to influence thymic selection quite specifi- 



cally, in the absence of effects on peripheral 
T cell expansion or antigen stimulation. 

We cloned into the expression cassette 
cDNAs encoding Ii or a set of fusion proteins 
composed of Ii, a cathepsin cleavage site, and 
one of several peptides that bind to Ek, the last 
two components joined in series near the 
COOH-terminus of Ii (Fig. 1, B and C). In- 
variant chain was used as a peptide "escort" 
because it facilitates the egress of MHC class 
I1 molecules from the endoplasmic reticulum 
and Golgi apparatus and targets them to en- 
dosomal-lysosomal compartments, where they 
are loaded with peptides (17). Hence, it 
seemed likely that fusion of a neopeptide to Ii 
would facilitate its delivery to subcellular 
compartments where it could be loaded effi- 
ciently onto MHC class I1 molecules. Spleen 
cells from B1O.BR mice bearing a homozygous 
null mutation of Ii (Ii-I-) (18) were infected 
with various amounts of a virus expressing a 
fusion of Ii and amino acids 88 to 103 of moth 
cytochrome c (MCC). The ability of spleen 
cells to stimulate 2B4, an MCC-specific T cell 
hybridoma, was compared with that of control 
virus-infected splenocytes to which various 
amounts of the MCC peptide were added 
exogenously. The Ii-MCC virus-infected 
spleen cells presented the peptide originating 
from the fusion protein as efficiently as con- 
trol virus-infected cells exposed to exogenous 
peptide concentrations of 0.1 to 0.3 yM. 
Thus, Ii is an effective "escort" of neopeptides 
joined to its COOH-terminus, consistent with 
previous experiments (19, 20). 

We used this system to study the positive 
selection of T cells capable of responding to 
the MCC(88-103) peptide in the context 
of Ek. The advantages of working with the 
anti-MCC response are that it is well char- 
acterized (21), its evaluation is facilitated 
by many existing reagents (22), it exhibits a 
highly restricted TCR V, and Vp usage 
(23), and its selection is totally dependent 
on Ii expression by thymic stromal cells 
(24). Hence, Ii-1-k mice should be appro- 
priate low-background virus recipients: 
Their antigen-presenting cells (APCs) ex- 
press one-third as many Ek complexes at the 
cell surface as do those from wild-type ani- 
mals, they have 40% wild-type numbers of 
mature CD4+8- thymocytes, but they lack 
T cells capable of responding to the MCC 
peptide in proliferation assays (24). 

We first determined whether the antigenic 
peptide or analogs could select. a response. 
Ii-1-k mice were injected i.t. with a control 
virus (d1324), with one expressing Ii alone 
(Ii), or with viruses expressing Ii fused to the 
MCC sequence (Ii-MCC) or to an analog 
with a substitution at one of the sites expected 
to contact the TCR (Ii-99E, Ii-102E) (25). 
Three weeks after infection animals were 
primed with the MCC peptide, and 10 days 
later draining lymph node cells were chal- 

lenged in vitro with the same peptide (26). 
Data from typical experiments (Fig. 2, A and 
B) and results from a large series of studies 
(Fig. 2C) are shown. Despite significant vari- 
ation, attributable to the high variability of 
infection after i.t. injection of virus (16), sev- 
eral effects were observed. Iniection of the Ii 
virus resulted in responses, usually weak, in 
some animals. Delivery of Ii alone might have 
been expected to complement the defect in 
Ii-1-k mice and always promote a strong anti- 
MCC response. However, this did not occur 
in most animals because expression of the Ii 
cDNA was controlled by an MHC class I1 
promoter, which is much weaker than that of 
the endogenous Ii gene. In contrast, introduc- 
tion of the Ii-MCC virus resulted in responses, 
often quite robust, in most animals. Injection 
of either the Ii-99E or Ii-1O2E viruses also 
frequently resulted in responses. Thus, a re- 
sponse to the MCC(88-103) peptide can be 
promoted by i.t. delivery of the antigenic pep- 
tide or by analogs thereof. 

Fig. 1. Adenovirus-me- A 
diated delivery of li-pep- 
tide fusions. (A) The re- 
combinant adenovirus 
Ad5-c2v derives from 
the dl324 mutant of Ad5 
(AEl , AE3), by replace- 
ment of the El genes by 
a cassette that directs 
expression in MHC class 
Il-positive cells (33). (B) 
This cassette is com- 
posed of the enhancer- 
promoter from the Ea 
gene, an intron and 
splice signals from the 
p-globin gene, the cDNA 
cloning site, and the 
polyadenylation site from 
the R-alobin aene. The 

We next investigated the degeneracy of 
this phenomenon-whether peptides with 
very different sequences can promote an 
anti-MCC response or whether MCC pep- 
tides can promote responses to divergent 
peptides. In one set of studies (Fig. 2C), 
mice were injected i.t. with viruses express- 
ing fusions of Ii to either residues 67 to 76 of 
hemoglobin (Ii-Hb) or residues 12 to 26 of 
A repressor (Ii-A). The response to the latter 
in B1O.BR mice is enriched for T cells 
expressing V 3, similar to the response to 
MCC(~~-103)  (27). Infection with the Ii- 
Hb virus resulted in a response to MCC 
immunization in most animals, whereas in= 
troduction of the Ii-A virus had no effect. In 
a second set of experiments, mice injected 
i.t. with either the Ii-MCC or Ii-99E virus 
were challenged with either the A peptide 
or the bovine ribonuclease (RNase) (resi- 
dues 9 to-105) peptide (Fig. 2C). The A 
and R 8  ase peptides were chosen because, of 
the many Ek-binding peptides we screened, 
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MCC(B~-103) -~LEEKKS~$~ERADLIAYLKQATKBET!* 

recohGlnant - ~ i  CDNA H~(w-76) ---- ----- + I T A F N E G L ~ O  
fragment cloned be- 

- - 
tween the Eco RI and Bal 'Rep(12-26) -+EDARRLKAIYEK-O 

I I  (E, Bg) sites of the cai- li 7 ---- - 
sette contains the entire 

!!!EB!la 

p31 l i  cDNA, with artifi- 
cial Eco RI and Cla I (CI) 
sites immediately outside the translation initiation and c - 
stop codons, respectively. (C) Sequence of the additional ZE 1 .o 
peptides added onto the l i  COOH-terminus. All con- : e 0.3 

structs contain a cathepsin D cleavage site followed by k9 la 
sequences derived from MCC, its LysQ9+Glu or 2' Thrlo2+Glu variants, murine hemoglobin (67-76), or h CI - fi 8.03 

(12-26) (in recombinant viruses denoted as Ii-MCC, li- 0.030.1 0.3 1 3 10 
99E, li-102E, li-Hb, and li-A, respectively). In the chimeric loS APCs 
cDNAs, artificial Eco RI, Bsp MI (Bs), and Cla I cloning 
sites were introduced for easy sequence exchange. (D) Splenocytes from ti-'-k mice (18) were 
infected with Ii-MCC virus at multiplicities of infection (MOls) of 1 and 10 (filled circles) or with dl324 
at an MOI of 10 (open circles). After a 72-hour culture, the cells were tested for their ability to stimulate 
IL-2 production by the MCC-reactive hybridoma 284 (32), after addition of various doses of MCC 
peptide for dl324-infected cells. [Similar experiments with the same peptide sequence substituted for 
the CLIP segment of l i  did not result in significantly enhanced presentation (20).] Abbreviations forthe 
amino acid residues are as follows: A, Ala: C. Cys; D, Asp; E, Glu; F, Phe; G, Gly; H ,  His; I ,  Ile; K, Lys; 
L, Leu: M,  Met; N,  Asn: P, Pro: Q, Gln: R, Arg: S, Ser; T, Thr; V, Val; W, Trp: and Y, Tyr. 
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these turo elicited responses that depended 
most critically o n  expression of Ii by APCs 
120). Infection wit11 either the  Ii-MCC or , , 

the Ii-99E virus resulted in  a response to the  
RNase peptide, but not  to  the  A peptide, in 
most animals. Thus, the  delivery of neopep- 
tides to  thymic stromal cells has broad con- 
sequences o n  the  T cell repertoire, but some 
specificity is still evident. 

T h e  appearance of new responses after 
expression of neopeptides in  the  thymus 
suggested that the  peptides promoted posi- 
tive selection of nen- T cells. However, it 

was necessary to  rule out the  possibility that 
display of the  neopeptides o n  thymic stro- 
ma1 cells merely provoked the  expansion of 
preexisting cross-reactive cells. W e  first ex- 
amined this a t  the  population level. Mice 
were injected i.t. with the  Ii-99E or the  
Ii-1C2E virus; they were then  primed n-ith 
the  M C C  peptide, and their lymph node 
cells were challenged in  vitro with M C C  or 
the  appropriate analog. After infection \vith 
either \virus, a n  in  vitro secondary response 
was made to the  M C C  peptide but not  to 
the  analog expressed in  the  thymus (Fig. 

Fig. 2. New T cell re- A 
sponses after ~ . t ,  delivery I 

of neopeptides. (A and 10 
B) In two independent 
experiments, il-/-k ho- 
mozygous mutant mice 
(18) were infected i , t  
with the indicated virus- 
es, and lymph node re- Oi 

0 0.3 1 3 0 0.3 1 3 sponses to MCC immu- MCC peptide (pM) MCC peptide (pM) 
nization were tested 25 
days later (26); -/-, un- c 
infected li-'-k mouse; I 

+!-, li-I-k heterozy- 
gote Ilttermate (pheno- 
typically wild-type). (C) A 
compilation of many ex- 
periments similar to 
those of (A) and (5). (Left 
and middle) liok mice 
were infected with the vi- 1/21 4119 24133 9120 6118 0114 811 5 
rus shown, then prmed 
wlth MCC peptide, and lymph node cells were restimulated In vitro wlth MCC peptlde (26). The 
maximum stimulation Indices (Ss) from nd~vidua m c e  are shown as dots, wlth the proporiion of 
respondng mlce (solid dots) over the course of many experments indcated. An SI of 22 .5  was 
consdered a posltlve response. We eliminated from consderat~on the few data ponts that gave 
artlflcially hgh  S s  because of total ncorporation below 2500 cpm. (Right) li-/-k mice after Infection were 
prlmed In one footpad with MCC peptide, and in the other with A or RNase peptides; draining lymph 
node cells were then restmulated In vitro with the same peptlde. We thus considered data only from 
mice shown to be successfully reconstituted by the presence of a slgniflcant response to MCC peptide. 
Control +i- mice immunzed w t h  the same peptides gave an SI of 4.5 to 17 (mean, 9.1) (MCC peptide). 
2.4 to 6.0 (mean. 4.1) (A peptde). or 3.1 to 13 (mean, 8.3) (RNase peptide). 

Ii-99E virus 11-1 O2E virus 
A MCC priming MCC priming 

Ii-99E virus 
MCC-specific hyb. 

Peptide (pM) Peptide (pM) Peptide (kM) 

Fig. 3. Evidence against expansion of cross-reactive cells and reactivity to 
an alternative epltope. (A) li-'-k mice were infected i.t, wlth - 9 9 E  or 
l i- l02E vruses and then were prmed subcutaneously with MCC peptide 
after 25 days. Ten days later, popi tea lymph node cells were stmuated In 
vtro w t h  MCC peptde or t s  99E or 102E analogs, as Indicated (26). (B) T 
hybridoma cells obtained from i - I -  mice Infected i.t, wlth li-99E or I -Hb 
vlrus ( 3 4  were challenged with MCC, 99E, or Hb peptides, as Indicated. 

3A). (This result is not coinparable with that 
in  Fig. 2, A and C ,  which shows a n  anti- 
M C C  response after i.t. Ii-MCC injection 
and M C C  priming, because in those exper- 
iments the same peptide selected, primed, 
and challenged the T cells.) W e  also ad- 
dressed this concern a t  the clonal level, with 
MCC-reactive T cell hvbridomas obtained 
from mice that had been injected i.t. with 
either the  Ii-99E or the Ii-Hb virus (below). 
In  neither case were the hybridomas able to 
react to the peptide that had been expressed 
in  the thymus (Fig. 38). Thus, the appear- 
ance of new T cell responses cannot be 
explained by virus-delil~ered neopeptides 
merely expanding a population of preexist- 
ing cross-reactive cells. It was also important, 
especially in the case of the  anti-blCC re- 
sponse of animals infected with the  Ii-MCC 
virus, to establish that the same e ~ i t o o e  was 
being generated from the endogenously ex- 
pressed Ii-peptide f ~ ~ s i o n  protein and from 
the peptide added exogenously. T cell hy- 
bridomas deri\.ed from Ii-MCC-infected an- 
imals could resoond to both \virus-infected 
and peptide-exposed splenocytes (Fig. 3 C )  
and were also stimulated by splenic and thy- 
mic APCs from transgenic mice carrying the 
Ii-MCC cDNA inserted in the same expres- 
sion cassette (20) .  

T h e  results from these control studies were 
consistent with the intepretation that the 
novel resDonses reflected the oositive selec- 
tlon of new T cells. However, when evaluated 
by means of the lymph node prol~feratlon 
assay, the responses were variable and some- 
times weak. T o  verify the selection of new 
cells, we derived sets of MCC-reactive T cell 
hybridomas in parallel from unmanipulated 
Ii+'- heterozygotes (phenotypically wild- 
type) or from mice injected i.t. with different 
viruses. Onlv one hvbridoma could be ob- 
tained from'the mide injected with the Ii 
virus. Sets of hybridomas from the other a n -  

Ii-Hb virus 
2oi; 

0 
0 0 0 7  0 3  1 2  5 

10 

U 

MCC14 
0 MCCIO 

0 1  0 3  1 3 10 

Peptide (pM) l o 5  APCS 

and activation displayed as L - 2  secretion (32). (C) I- '-k spenocytes were 
infected w t h  I -MCC vrus and used, after 72 hours of culture, as APCs to 
stimulate different T hybridomas. originating from mlce Infected . t ,  with 
I -MCC (MCC2, 10. 14) or from a control mouse ( + I -  1; for T hybridoma 
ident~ty, see Fig. 4). Positlve control stmulaton by control virus-infected 
splenocytes supplemented w t h  1.0 p M  MCC peptlde is represented by 
isolated dots. 

680 SCIEKCE VOL. 275 31 JANUARY 1997 



mals were compared for several diagnostic 
features. 

Dose-response curves for the different 
hybridoma sets (Fig. 4A) are largely over- 
lapping, suggesting that the T cells selected 
on an unknown natural peptide and those 
elicited after i.t. exoression of various 
neopeptides have receptors of similar affin- 
ities. However, the hvbridomas from Ii- 
99E-injected mice did appear to be biased 
toward lower reactivities. 

W e  also examined fine specificities, as- 
saying either agonist or antagonist activity 
(Fig. 4B). The different hvbridoma sets . - 
showed distinct patterns of cioss-reactivity, 
especially when those from unmanipulated 
mice were compared with those from ani- 
mals expressing neopeptides. There were 
multiole examoles of cross-reactivitv with 
hybridomas from control (+/-)  mice, con- 
sistent with published reports (28). In con- 
trast, the hybridomas from animals injected 
with the Ii-MCC virus rarely showed cross- 
reactivity, whereas those from animals in- 
jected with the Ii-99E virus frequently re- 
sponded to MCC variants at position 102. 
Hvhridomas from animals iniected with the 
Ii-Hb virus were rarely cross-reactive. In the 
assays of antagonist activity (Fig. 4C),  the 
99E peptide did not inhibit the anti-MCC 
response of T cells (either hybridomas or a 
cloned line) from mice injected with the 
Ii-99E virus, whereas the 99R peptide was 
antaeonistic in two instances. Likewise, the 

u 

Hb peptide did not antagonize the response 
to MCC by cells from mice infected with 
the Ii-Hb virus (20). Thus, a peptide that 
promotes the development of a T cell need 
not be an antagonist of it. 

Lastly, TCR usage was explored (Figs. 
4B and 5). The resoonse of B10.BR mice to 
pigeon cytochrome c is highly restricted: 
Most responding cells express \/,I1 and 
Vp3; the V, complementarity-determining 
region (CDR)-3 is usually eight residues 
long with a conserved olutamic acid at no- - - 
sition 93 and serine (or related amino acid) 
at position 95; the V p  CDR-3 is usually 
nine residues long with a conserved aspar- 
agine at position 100 and alanine or glycine 
at oosition 102 121. 23). The MCC-reac- ~, , 

tive hybridomas from our control mice dis- 
played these features, as did the single hy- 
bridoma from mice injected with virus ex- 
pressing Ii alone (20). The  hybridomas from 
animals injected i.t. with the Ii-MCC virus 
appeared to be a mix of cells displaying 
these "canonical" TCRs (three of seven 
sequences) and those with a more diverse 
repertoire of receptors (four of seven se- 
quences)-including different V,s and Vps, 
greater variation in CDR-3 lengths, and 
alternate amino acids at conserved posi- 
tions. The TCRs on hybridomas from ani- 
mals injected with the Ii-99E virus differed 

from the canonical TCRs to an e-ven greater 
extent. Not a single TCR had both V 11 and cz U 

Vp3; when either one or the other conserved 
V element was present, it almost always had a 
CDR-3 of nonstandard length or amino acid 
composition or both. Instead, half of the re- 
ceptors had Vp8, which was paired with either 
V,11 or V,8. The hybrldomas from mice 
iniected with the Ii-Hb virus were aeain dif- - 
ferent: V, usage was enriched in V,lls with 
canonical CDR-3s; VB usage was variable al- 

though there were two canonical CDR-3s 
(Hb7 and HB50). Taken together, the data 
on fine specificity and TCR usage imply that 
each virus has promoted the positive selection 
of a different repertoire of MCC-reactive T 
cells, one that also diverges from that of un- 
manipulated B1O.BR mice. 

Thus, in this system, the peptide that stiin- 
ulates a given T cell can also promote its 
selection, as i.t. injection of a virus expressing 
the Ii-MCC fusion protein promoted a 

MCC peptide (nM) MCC peptide (nM) MCC peptide (nM) MCC peptide (nM) 

30 

A 99R 

0 99A 

99E 

Li3 HEL 

Antagonist peptide (1M) 

Fig. 4. Properiies of hybridomas derlved from mlce expressing different neopeptldes. Sets of MCC- 
reactlve T hybridomas were isolated over the course of flve independent fusions. orlgnating from 
wd-type heterozygotes or from I f ' -k  mice Infected 1.t. with 11-MCC, li-99E, or li-Hb, as shown (34). (A) 
The hybridomas were exposed to a range of MCC peptde concentratons, (B) Each hybridoma was 
tested for cross-reactivity to a panel of single-substitution analogs of MCC peptde (at 3.0 pM); for 
antagonist activity (35) (w, weak antagonism for 99R and 99E with MCC25; NT, not tested); and for Vm 
and Vp usage determined by staining with specific monoclonal antibodies or, in some instances. by 
drect TCRP sequencing [?, not determined (not V e i l ,  8, or 3)]. (C) Typical antagonist assays (35) for four 
cloned T cells derived from li-99E-injected mlce [three hybridomas identified above and a T ceil clone 
(99EL1) maintaned by serlal restimulation]. 
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healthy MCC response. The T cells respond- 
ing to XPCs fed M C C  exogenously also re- 
acted to splenic or thyrnic APCs expressing 
the Ii-MCC fusion, arguing against the idea 
that the precise peptiiie sequences invoiveii in 
positive selection and peripheral stirnulation 
were somehow different. By several criteria, 
the repertoire of hlCC-react~ve T cells select- 
ed on the li-hlCC fusion was distinct from 
that of Bl0.BR mice selected on an unknown 
natural peptide. One  could argue that the 
differences reflect negative selection of the 
higher affinity TCRs in rnice expressing the 
Ii-MCC fusions in thymic stromal cells; in- 
deed, injection of this virus into Inice carrying 
the rearranged TCR genes from the 1B4 hy- 
bridolna provokes clonal deletion of this spec- 
ificity (26).  Honrever, negative selection of 
high-affinity receptors may not be an ade- 
quate explanation for the differences. The 
hybridolna dose-response curves shoneci that 
the cells selected in I/- control and Ii- 
MCC-injected animals had 01-erlapping sen- 
sitivities to MCC. In addition, the Vp usage of 
the Vp3-negative MCC-selected hybridomas 
differed rnarkedlv from that of B10.BR mice 
injected from biith with a bacterial superan- 
tigen that deletes Vp3: heterogeneous in the 
former, almost solely V 8 in the latter (27). 
Regardless of whether t t e  distinct repertoires 
of MCC-reactive cells in the t ~ v o  types of 
mice reflect negative selection effects or the 
influence of different positively selecting pep- 
tides, our data demonstrate that the same 
peptide that stimulates a peripheral T cell can 

promote its positive selection in the thymus. 
This pro\-ides important in vivo confirmation 
of results from certain of the FTOC systems 
(3, 8-16) and highlights the issue of h o n ~  the 
same TCR-hlHC-peptide recognition event 
can produce different outcornes (positive or 
negative selection, or activation). The  finding 
that peptides capable of prolnoting positive 
selection can range from neutral to fully stim- 
ulatory to mature T cells is inconlpatible with 
a simnle affinitv model. 

Closely related analogs of an antigenic 
peptide can also promote selection of antigen- 
responsive T cells. These cells differ (in fine 
specificity, TCR usage, and perhaps average 
affinity) from those selected both by the an- 
tigenic peptide itself and by the unknown 
natural peptides that norrnally select the re- 
sponse. Antagonist activity and selecting abil- 
it\- do not correlate in this in viva system, as 
they were reported to do in one of the h1HC 
class I-restricted FTOC systems (5-7). It is 
not x-et clear whether this reflects a difference 
between antigens, M H C  restriction elements, 
or merely experimental systems. 

Positive selection in this system is promis- 
cuous, consistent with a report that selection 
of T cells expressing a particular TCR is pro- 
moted by multiple structurally divergent pep- 
tides in an FTOC system (16); it is also rem- 
iniscent of the results on mice displaying 
M H C  molecules filled with essentially a single 
peptide, where a iarge-but not complete-T 
cell repertoire was selected, on the basis of 
size, response capacity, and inclusion of spe- 

cific TCR specificities (13, 14, 29). However, 
these results are at odds ~v i th  the high degree 
of snecificitv renorted with other FTOC svs- , 

terns (3, 5) .  In considering these discrepan- 
cies, it may be instructive to draw an  analogy 
~ i t h  the range in degeneracy of the responses 
made by mature T cells: Reactivity to a single 
nentide mav be restricted to a verv limited 
subset of TCRS or may involve a la& diver- 
sity of receptors (30); a T cell displaying a 
narticular TCR lnav react fastidiouslv to a 
single peptide or p;omiscuously to k l t i p l e  
peptides with very different sequences (3  1 ). 
Positive selection of immature T cells might 
exhibit a similar range in degeneracy, per- 
haps explaining the  divergent results with 
different systems. In this context, it is inter- 
esting to consider the highly restricted anti- 
MCC response: Does the predominance of 
V,11-Vp3+ TCRs with canonical CDR-3s 
reflect biases imposed by repertoire selection 
in the thymus or requirements of hlCC(88- 
103) recognition by mature T cells? Our re- 
sults suggest that antigen recognition may 
play some part (since there is an overall en- 
richment for V, l l t  TCRs in our hybrid- 
omas) but that repertoire selection must be 
the driving force. Vile hypothesize that the 
canonical V,1 1-Vp3- receptors reflect selec- 
tion by a dominant MHC-peptide complex, 
absent in Ii-deficient mice and not mimicked 
by the neopeptides assayed so far. Such an 
exnlanation would be consistent with results 
from bone marrom chimera experiments (28). 

Thus, v~rus-mediated expresslon of a 

C A A  R A H G  S W Q  L  for the panel of hybrid- + I -  29-3iva 11 TGTGcTGr: G h G G c T T c T a c A G c m z c m c T c  
I  F G  C  A  W S  L O W D O  D  T  Q  

ATCn-A 22 1 ~ ~ 1 4  TOTGCCTvr AGTCTRAnLTGGGGGCAhGACACCCAG 
Y  F G  

~~~~ c. 
TACT?= 2 5 

Fig. 5. TCRa and TCRp 
Hybridoma 

menclature is according to +I- 8 / V,II T:T&tT GgGTk 

' a  CDR3 Ja "0 CDR3 

M C C i 8 8 - 1 0 3 )  are b o x e d .  
L A  A O A ~ S  G Q K  L V F G  G A S  S L ~ R ~ N S D  MCC9 V, 11 TGTGCTGCT GhAGCTTCARGTuCUGhAGCTG G T T l T X G C  16 1 vR3 TGTGCCAGC AGTCTChACARGGCRAnCCCGhCT 

C A  A  O S  MCCI 1 / $1 4.1 Tc,ce,~T 

j u n c t ~ o n a  regon sequences 
J P  

C A S  S L O R Q Q D T Q  
VP3 TGTGCCACC AGTCTGARCACGGGGCUIOACACCGAG 

Y  F G  
T A C T T ~ G  2.5 

C A S  s L E R O Q D T Q  Y F G  'p3 TGTGCCAGC AGTCTGARCAGGGGOCA~GACACCCAG TACTTTGGG 2.5 
c A s s L E W U Q D  T Q  Y F G  

'p3 TGTCCCAG: AGTCTGA~CTGGGCCC~~AGACACCCAG TACTTTOW 2.5 

ornas. sequences were a e -  V  F G  
A A ' GCWTTGGA 12 f e r m l n e d  as I n  (36) ;  Jn no. 15 i v a l l  TGECTGCT G J I G G G G G C ~ A G G C T ~ T W C T  

- .  . m .  g~ s W Q  L I F G  
CXGCAGCTGGC~ACIIC A T C ~ G A  22 

for the r e s p o n s e  to I - .  
V T F G  

(37). Canon~ca amino ac~ds 
f 1- 1 

" C A A  ~ P Q G N N K L  T F G  
Va 11 ETGCTGLT GAGCCTGGAGGCA~TARTARGCTO ACTTCTGGT 56 

C A S  S L D T N Y A E Q  F F G  
Vvl 6 XTGCCAGC AGCTTAGACACTAACTATGCXAGCRG TTCTTCGGA 2 . 1  

c A s s L q w q G G E Q 
rAcmGcc Y F G  2,6 Vp3 ~ T G C ~ A G C  AGTCTARCCTCC-SGGGGCGGP~GARCAG 

c A s s L q R a D T Q TACTTTCCC Y F G  2,5 
VP3 TGTGCCAGC AGTCTCZACAGGGGGCMGACACCCAG 

G A S  S R D W G N T G Q L  \I 
V 9 TGTGCTAGC AGTAGAGATTGGGGMCACCGGGCAGCTC Ti. 

C A S  S M W G A V N Y A E Q  F Vp6 TGTGCCAGC AGTAXWXGGGCW - . - - .  - - m  

T S S G Q K L  V F G  
, a  a , u..u.-v.. CTTCARGTGGCCAGhhGCTG GTTTTTGGC 16 

V F G  C A  A  E  S  S  S  F  S K  L  
GTGrmGG 50 99E29.1 Val 1 TGTGCTGCT c C ? G T c c Q T c c m c A c c m G c T G  

C A L  R G N M G Y K L  T F G  
99E29.2 Va8 TGTGCTCTG AG~CAACATGGGCTACAMCTT ACC~TCGGG 9 

C A L  S P Q N N Y A Q G L  T F G  
99E1815 Va8 TGWCTCTG AGTCCCCILAARTRACTATGCCCAGGOATTC ACCTTCGGT 26 

C A A  T T B G G N Y K P  T F G -  
99EC1 Val l  TGTGCTGCC A C T A C C T C A G G A G G W C T A C ~ C C T  ACGTTTGGG 6 

' F G  
LCTTTGGT 2.2 
: F G  

:TTMCTATOCXAGCAG TTCTTCGGA 2.1 

IRRGG~c%&ATCcc?G T ~ ~ T S G  2.5 

MCC25 

MCC2 

MCC14 
MCC6 

99EC13 
99E4C 

H b2 
HB50 
HB60 

HB70 

C A S  S G D W G G P F A E Q  Y F G  
TGTGCCRGC ACCC~GACTGOGGOGGCCCCTWGCTDACCAG TACTTTGGG 2.1 
C A S  G D A Q G S A E T L  Y F G  

TGTGCCAGC GGTDAXCGCACGXAGTGCAGAAACCCTG TLTTTTGGC 2.3 
Y F G  

TATTTGGC 2.3 
C A S  S G G Q A D T Q  Y F G  

V ~ 8 ' 3  TGTGCCAGC A G ~ ~ G C A G G C A G A C A C C C A G  TACTTTGGG 2.5 

C A A  O A B G G S N A K L  T F G  va 11 TGTGcTGCT G i . s G c G T c T G G A G G ~ G c u T G c - G c T *  A c c m c G G G  42 
C A A  ~ A T G G Y K V  v F G  .va 11 TGXCTGCT. G A G G C C A C T G G A G G C T R T ~ G P G  GTGTTTGGA 12 
C A L  D L N S K N R I  F F G  

V,lO TGTGCTTTG GACCTThATAGCAhTAhCAGAATC W c m s G T  31 

Va 11 ~ T G $ T G $ T  ~G$A~@$AAZT$CCPGAGC~G ~ T ~ T G ~ C  16 
C A A  S K T S G S W Q L  I F G  Val TGTGCAGCA A G C ~ C T T C ~ C I I G C T G G C R A C T ~  ATCTTTOGA 22 

'a I I T:TG$T$T ~ G $ T @ ! ~ T $ C ~ % ~ C C ~ G  2 A G c  16 
C A A  B P Q G N Y K P  T F G  

'a1 TGTGCTGCT GAGCCAGGAGG.WACTAC-CCT A C G m G G G  6 

'pi6 T$TG$CA% A$CG$C&A,T,$CTITGQTGE,G~C T G c T A c g A  2.1 
C A S  S R G T l g R G Q D T Q  Y F G  Vp3 TGTGCCAGC AGTCOCGGOACTGGGCGAGGCCA~GACACCCAG TACTTTGGG 2.5 

V F G  
C A  A O A W N T N  K V  GTCITTGGA 34 Hb7 / Val 1 TGTGCXCT GAGTCGACTTCARGTGGCCAGA~G 

Y F G  C A S  S L O W O Q D T Q  T A C m C G C 2 , 5  'p3 TGTDCCAGC AGTCTCAhCTGGGGGCAhGACACCCAG 

va8'2 g T G k \ , h  A ~ C G G G ? $ C & & C k T T ~ C ~ C G k ! A k A  & m T F C Z T  1 ,A 
Y  F G  

'pq4 T:T~CT% A:TC~TH$G@C%G?CA~CC?G TACTTTJGT 2.5 

C A S  S Q Y R Y E Q  Y  F G  
VB1 TGTGCCAGC AGCCAhTLCAWTATGhhCAG T A G W C W T  2.6 
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neopeptide in the thymus provides a newr 
approach for exploring the role of peptide 
in the positive selection of T cells. This 
strategy inverts the traditional one of start- 
ing with a T cell displaying a particular 
T C R  and then attempting to define the 
reauirements for its selection: rather, it be- 
gins with expression of a new peptide and 
permits one to study the T cells naturally 
selected on it. O L I ~  data show that the pep- 
tide sequence influences the sequence of 
the TCRs on  selected cells, significant and 
systematic variations resulting from single- 
residue changes at outative TCR-contact - 
points. The relation between selecting pep- 
tide and selected TCR shows significant, 
but not complete, two-way degeneracy, 
analogous to what 1s seen with the respons- 
es of mature T cells. Taken together, these 
observations support the hypothesis that 
positive selection involves direct recogni- 
tion of peptide features, b ~ ~ t  they do not 
entirely rule out the possibility that peptide 
plays pritnarily a structural role, its precise 
sequence impinging on  the process when ~t 
leads to steric hindrance of the TCR (12). 
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Comparative Rates of Development 
in Monodelphis and Didelphis 

Tinlothy R o w  ( 1  ) presents a pro\-occ~tive 
hypothesis on the coevolution of the mamma- 
lian liliddle ear and neocortes, b ~ l t  there is a 
problem with the data presented in support of 
his hypothesis of a relation betxeen brain 
erowth and the detachment of the ear ossicles. 
D 

Throughout the article, Rowe discusses the 
"didelohid" condltlon. ReaJers unfamiliar 
with the literature cited may not realize that 
in order to define the didelphid coniiit~on, 
Rowre combines data on Dideipills from the 
literature with his data on Monodeii~his with- 
out ackno~vledging the differing rates of de- 
velopment in the two tam. The two animals, 
although both didelphids, have different rates 

of postnatal growth and maturation. For ex- 
ample, in Monocleiphis, the young first come 
off the teat at day 12, in Didelj~his it is not until 
day 45 (2); in Monodelphis the young are 
v,.eaned at day 50, in Didelphis it is after day 
199 (2) ;  in Moi~odelj~his the auL1itoi-y ossicles 
begin ossiilcation on Jay 11 ( 3 ) ,  111 Didelphis it 
is durin? week 6 (4).  We do not have infor- 
mation on the differences in timing of the 
specific events discussed by Rowe, but most 
information suggests that any given event will 
occur ? to 4 weelcs later in Didelj~ilis than in 
Moi~odelphis. 

The inappropriate conlbination of data 
occurs at multiple points in Rowre's report 
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