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T Cell 'Activation Determined by T Cell Receptor 
Number and Tunable Thresholds 
Antonella Viola and Antonio Lanzavecchia* 

The requirements for T cell activation have been reported to vary widely depending on 
the state of the T cell, the type of antigen-presenting cell, and the nature of the T cell 
receptor (TCR) ligand. A unitary requirement for T cell responses was revealed by 
measurement of the number of triggered TCRs. Irrespective of the nature of the triggering 
ligand, T cells "counted" the number of triggered TCRs and responded when a threshold 
of -8000 TCRs was reached. The capacity to reach the activation threshold was severely 
compromised by a reduction in the number of TCRs. Costimulatory signals lowered the 
activation threshold to -1500 TCRs, thus making T cells more sensitive to antigenic 
stimulation. 

T cells are activated when their TCRs are 
engaged and triggered by ligands on the 
surface of antigen-presenting cells (APCs). 
The  natural ligand is a cornplex of a peptide 
bound to a malor histocompatibility com- 
plex (MHC) molecule ( ] ) ,  but T cells can 
also be activated by bacterial superantigens 
12) and bv antibodies to the TCR-CD3 , , 

cornplex (3). In different experimental sys- 
tems, the amount of lieand reauired to ac- " 

tivate T cells varies according to the state of 
the T cells ina'ive or mernorv) and the , . 
number of adhesion and costirnulatory mol- 
ecules on  the A P C  (4). A limitation of this 
type of analysis is that the T cell response 
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can be correlated only to the relative 
amount of ligand offered, whereas the most 
relevant parameter-the nurnber of trig- 
gered TCRs-remains unknown. This num- 
ber can now be measured by TCR down- 
regulation (5). We have used this method 
to determine the number of triggered TCRs 
required for the induction of T cell activa- 
tion and to explain how T cells can respond 
to very few ligands. 

We compared three ligands-complexes 
of specific peptide and MHC molecules, 
cornplexes of the bacterial superantigen 
TSST (toxic shock syndrome toxin) and 
M H C  molecules, and monovalent antibod- 
ies to CD3 (anti-CD3)-with respect to 
their ability to trigger TCRs and activate T 
cells (6). All three ligands induced a dose- 
dependent TCR down-regulation, but the 
efficiencies and kinetics differed (Fig. 1A).  

Number of ligands per cell 

lo3  Triggered TCRs 

Fig. 1. T cells produce IFN-y above a threshold of 
tr~ggered TCRs, regardless of the nature of the 
stimulus. A Vp2+ T cell clone was st~mulated with 
specific pept~de pulsed on autologous EBV-B 
cells (0), w~th TSST pulsed on autologous EBV-B 
cells (O), or with monovalent anti-CD3 in the pres- 
ence of FcR+ THPl cells (A). (A) Number of tr~g- 
gered TCRs, measured by TCR down-regulation, 
as a function of the number of l~gands per cell. (6) 
IFN-y production as a function of the number of 
triggered TCRs. 

As previously shown (5), a srnall number of 
peptide-MHC complexes were able to trig- 
ger serially a large number of TCRs. Com- 
plexes of TSST bound to M H C  class I1 
molecules were srrnilarly effective, possibly 
because TSST-MHC complexes ( 2 ) ,  like 
the peptide-MHC complex ( 7 ) ,  bind the 
TCR with low affinity, thus allowing both 
triggering and dissociation. Anti-CD3 was 
much less efficient; the number of TCRs 
down-regulated was always lower than the 
number of antibodies offered. The hrgh af- 
finity of binding prevents antibodies from 
serially triggering TCRs (8). 

Although the rnode of interaction with 
TCR-CD3, the kinetics of triggering, and 
the stoichiornetries were different for the 
three ligands, the responses of the T cells 
were strikingly similar relative to the num- 
ber of triggered TCRs. Regardless of the 
stirnulus, T cells produced interferon-? 
(IFN-7) only when 2 -8000 TCRs were 
triggered, and this production rapidly 
reached a plateau at higher numbers of 
triggered TCRs (Fig. 1B). The  plateau was 
lower in cells triggered by anti-CD3 (9). 
The same threshold of activation, both for 
IFN-y production and for cell proliferation, 
was observed with four different CD4+ an- 
tigen-specific T cell clones that normally 
produce IFN-y in the range of 400 to 
20,000 pg/ml. We conclude that T cells 
"count" the number of triggered TCRs and 
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Fig. 2. The absolute number of TCRs determines 
the capacity to respond to different concentra- 
tions of superantigen. (A) Relation between the 
number of V82+ TCRs and the concentration of 
TSST required totinduce 30% of the maximum 
IFN-.I production. 0, individual responslve clones; *, clones that express very small amounts of V82 
and fail to produce IFN-y even at the highest TSST 
concentrations. The TSST concentrations used 
for stimulation are below the 50% saturation (1 7). 
The thresholds of triggered TCRs required for T 
cell activation were comparable in responding 
clones with large or small amounts of V82. All 
clones produced IFN-y when triggered by anti- 
CD3. Simllar results were obtained when the pro- 
liferative response was measured. (B) Kinetics of 
[Cap+], increase (mean values) in T cell clones ex- 
pressing small or large numbers of Vp2+ TCRs. 1, 
clone 2.3.3 (expressing 32,000 V82+ TCRs) con- 
jugated with APCs pulsed with TSST (1 00 ng/ml); 
2, clone 2.3.3 conjugated with APCs pulsed wlth 
TSST (0.1 ng/ml); 3, clone 2.3.33 (expressing 
4000 Vp2+ TCRs) conjugated with APCs pulsed 
with TSST (1 00 ng/ml); 4, baseline of T cells con- 
jugated with unpulsed APCs, In T cell clones wlth 
normal numbers of TCRs, the slgnal 1s sustained 
for 230 min (1 7 ) .  The 405/525 ratio 1s the ratio of 
emission at 405 nm (Ca"-bound lndo 1) to that at 
525 nm (free lndo I )  and measures [Ca2+] inde- 
pendent of dye loading, 

respond above an activation threshold, and 
that this response is independent of the 
nature of the triggering ligand. 

Because many TCRs must be triggered, 
T cells that express fewer TCRs might be 
less responsive. To analyze the influence of 
the extent of TCR expression on T cell 
responsiveness, we used a panel of dual- 
receptor T cell clones that express various 
amounts of Vp2 in a stable fashion together 
with a second Vp (10). This experimental 
system enabled us to use normal T cells, all 
in the same state and with similar activa- 

[Peptide] (nM) 

Fig. 3. TCR down-regulation results in a reduced 
response to antigen. Clone KS140 was cultured 
for 3 days with autologous EBV-B cells that were 
either unpulsed (0) or pulsed with 2 nM (A), 20 n M  
(B), or 2 WM (a) tetanus toxin 830-843 peptide. 
At the time of the assay, the T cells expressed 
loo%, 65%, 50%, and 10% of CD3, respectively. 
The data show the proliferative response of T cells 
(as measured by [3H]thymidine incorporation) in 
the presence of fresh EBV-B cells pulsed with 
different peptlde concentratlons. The possibility 
that unresponsive T cells might undergo activa- 
tion-induced cell death was ruled out in parallel 
experiments by propidium iodlde stalnlng. 

tion requirements, to examine the effect of 
small numbers of TCRs. The capacity of T 
cells to respond to the Vp2-specific super- 
antigen TSST correlated with the amount 
of Vp2 expressed (Fig. 2A). T cell clones 
with -30,000 Vp2+ TCRs responded to 
very low doses of TSST, whereas clones 
expressing -7000 Vp2+ TCRs required up 
to 1000 times as much TSST. Despite the 
different requirements for ligand concen- 
tration, all responding clones had compa- 
rable activation thresholds of -6000 to 
8000 TCRs. Two clones that express very 
small numbers of Vp2+ TCRs (<5000) 
neither proliferated nor produced IFN-y, 
even when exposed to an extremely high 
dose of TSST. These clones underwent a 
transient increase in intracellular Ca2+ 
concentration ([Ca2+],) after exposure to 
TSST-pulsed APCs. On  the contrary, at 
all TSST doses, the Ca2+ response was 
sustained in clones expressing large num- 
bers of TCRs (Fig. 2B) ( I  1). Thus, T cells 
with very few TCRs are triggered tran- 
siently but fail to be activated, because the 
number of TCRs is insufficient to allow 
these cells to sustain the signal and reach 
the activation threshold. 

TCR down-regulation is a physiological 
consequence of antigenic stimulation and is 
long-lasting, because the original numbers 
of TCRs are recovered only after a few days 
(1 2).  To investigate whether TCR down- 
regulation would result in a decreased re- 
sponsiveness, we induced different amounts 
of TCR down-regulation by stimulating a T 
cell clone with APCs pulsed with various 
peptide concentrations. After 3 days, T 
cells with down-regulated TCRs were tested 
for their capacity to proliferate in response 
to antigenic stimulation (13). Down-regu- 
lation of as few as 35% of the TCRs resulted 

in a marked shift in the dose response curve 
(Fig. 3), which indicated that the T cells 
were still responsive but required a much 
higher antigen concentration. T cells ex- - " 

pressing only 10% of the original number of 
TCRs were comnletelv unresnonsive. The 
results obtalned 'with dual-receptor T cell 
clones and clones with down-regulated " 

TCRs are comparable, whlch indicates that 
the absolute number of TCRs is a key factor 
in determining T cell sensitivity to antigen. 
Normal numbers of TCRs ensure maximum 
sensitivity, whereas reduced numbers lead 
to a disproportionate increase in the 
amount of antigen required to reach the 
activation threshold. 

Na'ive T cells require higher concentra- 
tions of antigen than do activated T cells 
and are more dependent on costiniulation 
(4). We sought to determine whether this 
difference was attributable to a higher acti- 
vation threshold of naive cells and whether 
costimulation could modify this threshold. 
Peripheral blood T cells were stimulated 
with TSST or monovalent anti-CD3 in the 
presence or absence of costimulation pro- 
vided by B7, the CD28 ligand, expressed on 
APCs 114). In the absence of costimula- . , 

tion;resting T cells responded to the same 
concentration of anti-CD3 as did T cell 
clones, but they required more than 100 
times as much TSST to be activated (15). 
The threshold for activation of resting T 
cells was similar to that of T cell clones 
(-8000 TCRs) (Fig. 4). However, in the 
presence of costimulation, there was a 
marked shift of the response curve toward a 
threshold one-fifth as great (Fig. 4). Similar 
results were obtained with short-term 
CD28+ T cell clones (Fig. 4C) (14). Taken 
together. these results indicate that the ac- - 
tivation threshold is comparable in T cell 
clones and resting T cells and can be de- 
creased by costimulation through CD28-B7 
interaction. 

Our results suggest that T cells "count" 
the number of triggered TCRs and respond 
when this number reaches an appropriate 
threshold. This threshold is independent of 
the nature of the triggering ligand and can be 
decreased by costimulation. The capacity to 
reach the activation threshold is severely 
compromised in cells that have few TCRs 
and cannot sustain the triggering process. 
We suggest that after conjugate formation, 
the triggered TCRs are rapidly consumed at 
the contact site between T cells and APCs, 
so that a sustained signal deuends on the 

L. 

continuous recruitment of new TCRs. This 
hypothesis may explain why, in T cells with 
fewer TCRs, an increase in ligand concen- 
tration can comnensate for the initial rate of 
triggering but cannot sustain the signal, 
which depends on the recruitment of new 
TCRs into the contact site. The relation 
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between T cell responsiveness and the num- 
ber of TCRs has two implications: (i) TCRs 
expressed in small numbers in dual-receptor 
T cells may be functionally excluded, be- 
cause they will never find enough ligand. (ii) 
TCR down-regulation after antigenic stimu- 
lation results in T cell unres~onsiveness. 

The mechanism by which costimulation 
lowers the activation threshold reauires fur- 
ther investigation; it is possible that the 
TCR and CD28 pathways synergize at some 
point along the signal transduction cascade. 
The tuning of the activation threshold by 
costimulation has important implications 
for the conqol of the immune response. 
Professional 'APCs ~rovide the most effi- 
cient conditions for T cell activation by 
small numbers of peptide-MHC complexes, 

< I 5  0-0 
lo3  Triggered TCRs 

Fig. 4. Costimulation lowers the activation thresh- 
old in resting T cells and short-term T cell clones. 
(A) Peripheral blood T cells were conjugated with 
57- (0) or B7+ (@) THPl cells pulsed with various 
concentrations of TSST. The minimum stimulatory 
concentration of TSST was 7 ng/ml in the pres- 
ence of costimulation and 70 ng/ml in the absence 
of costimulation. (6) Peripheral blood T cells were 
pulsed with various concentrations of monovalent 
anti-CD3 and cultured with 57- (0) or B7+ (@) 
THPl cells. (C) A CD28+ Vp2+ short-term T cell 
clone was conjugated with EBV-B cells pulsed 
with various concentrations of TSST in the pres- 
ence (0) or absence (@) of CTLA4-lg (5 pg/ml). (A) 
and (C) show the number of triggered TCRs (as 
measured by down-regulation of Vp2) versus the 
amount of IFN-y produced; (5) shows the number 
of triggered TCRs (as measured by down-regula- 
tion of CD3) versus cell proliferation (as mea- 
sured by [3H]thymidine ~ncorporation). Compara- 
ble results were obtained with five additional 
short-term clones. 

because they express large numbers of ad- 
hesion and costimulatory molecules that fa- 
cilitate TCR triggering and lower the acti- 
vation threshold. Conversely, nonprofes- 
sional APCs, lacking adhesion and costimu- 
latory molecules, may induce TCR down- 
regulation below the triggering threshold, 
leading to T cell unresponsiveness ( 1  6). 
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