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Peptide-major histocompatibility complex protein complexes (pMHCs) on an- 
tigen-presenting cells (APCs) are central t o  T cell activation. Within minutes of 
peptide-specific T cells interacting wi th  APCs, pMHCs on APCs formed clusters 
at the site of T cell contact. Thereafter, these clusters were acquired by T cells 
and internalized through T cell receptor-mediated endocytosis. During this 
process, T cells became sensitive t o  peptide-specific lysis by neighboring T cells 
(fratricide). This form of immunoregulation could explain the "exhaustion" of 
T cell responses that is induced by high viral loads and may serve t o  down- 
regulate immune responses. 

T cell responses are initiated by T cell recep- 
tor (TCR) recognition of pMHCs on APCs 
(1). Upon specific interaction of T cells with 
APCs, TCR and MHC molecules are assem- 
bled at the center of supramolecular activa- 
tion clusters (2). The fate of these TCR-MHC 
clusters at the T cell-APC contact site is 
unclear. However, it is known that interaction 
of TCRs with pMHC complexes is followed 
by TCR down-regulation (3) and that T cell- 
APC interaction can cause APC-derived sur- 
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face molecules to adhere to the surface of T 
cells (4). 

To investigate the fate of MHC clusters at 
the T cell-APC contact sites, we used Dmsoph- 
ila, RMA-S, and dendritic cell lines expressing 
MHC class I (Ld)-green fluorescent protein 
fusion molecules (Ld-GFP) (5) as APCs to ac- 
tivate CD8 T cells from the 2C TCR transgenic 
mouse line (6, 7). 2C T cells recognize Ld plus 
either QL9 peptide or a closely related peptide, 
p2Ca (8). Empty Ld-GFP molecules expressed 
on the surface of RMA-S and Drosophila cells 
can be efficiently loaded with exogenous pep- 
tides (7, 9). Within 5 min of 2C T cells inter- 
acting with either Drosophila cells (Fly.Ld- 
GFP) or RMA-S cells (RMA-S.Ld-GFP) plus 
the QL9 peptide, Ld-GFP molecules formed 
large clusters at the T cell-APC contact site 
[Fig. 1A and Web figure 1 (lo)]. After 30 min, 

filtration of single leaves with A, tumefaciens con- 
taining a binary plasmid incorporating a 355-PVX- 
GFP sequence. Once transcribed, the PVX RNA rep- 
licon is independent of the 355-PVX-CFP DNA, rep- 
licates to high levels, and moves systemically through 
the plant. The A. tumefaciens does not spread beyond 
the infiltrated patch and is not present in systemic 
leaves (20). The GFP reporter in the virus was used to 
allow visual monitoring of infection progress. We 
have obtained similar signals with wild-type PVX 
inoculated as virions in sap taken from an infected 
plant. 
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the Ld-GFP clusters at the T cell-APC interface 
decreased in size, and small aggregates of Ld- 
GFP appeared concomitantly within 2C T cells 
at sites distal to the contact site [Fig. 1, B and C, 
Web figure 2 (lo)]. This process was not seen 
with P1A (11) (Fig. ID), a control peptide that 
binds to Ld but is not recognized by 2C TCR 
(7). Aggregates of Ld-GFP were also detected 
inside 2C T cells after interaction with the 
Ld-GFP-transfected dendntic cell line DC2.4 
(12) (Fig. lE), which presents endogenous 
p2Ca peptide. To exclude the possibility that 
GFP itself could mediate the acquisition of Ld 
by T cells, we used Drosophila cells express- 
ing untagged Ld (no GFP) loaded with QL9 
peptide as APCs. After culture for 1 hour, 
multiple aggregates of Ld molecules were 
detected in 2C T cells by intracellular stain- 
ing with monoclonal antibody (rnAb) to Ld 
(13) (Fig. IF). Thus, in the presence of anti- 
genic peptides, Ld molecules can be acquired 
from APCs by T cells, and this acquisition is 
independent of GFP. 

Acquisition of APC-derived Ld molecules 
by 2C T cells was further demonstrated by 
immunoprecipitation (Fig. 1, G and H). After 
culture with 35S-methionine-labeled fibroblasts 
(L cells) transfected with Ld (L-Ld) (14), 2C T 
cells were highly purified and immunoprecipi- 
tation was performed with mAbs to class I 
molecules. Imm~moprecipitation of Ld from 2C 
T cells cultured with L-Ld plus QL9 peptide 
was prominent (Fig. 1G). In the presence of the 
control P1A peptide (II), precipitation of Ld 
was limited, but clearly detectable, presumably 
due to the presentation of endogenous p2Ca 
peptide in L-Ld cells. In contrast, other MHC 
class I molecules (Kk and Dk) expressed by L 
cells were not detectable in 2C T cells by 
immunoprecipitation (Fig. 1G). The peptide- 
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dependent acquisition of Ld molecules by T 
cells could be blocked by adding mAbs either 
to TCR or Ld during the culture (Fig. 1H). 
Thus, acquisition of Ld by T cells requires a 
specific interaction between TCRs and pMHC 
complexes. 

The kinetics of acquisition of APC-de- 
rived pMHC molecules by T cells was inves- 
tigated by fluorescent-activated cell sorting 
(FACS) analysis. After culture with Fly.Ld- 
GFP plus peptides for 30 min, most 2C T 
cells were positive for Ld-GFP with QL9 
peptide but negative with the control P1A 
peptide (Fig. 2A). The amount of Ld-GFP on 
2C T cells remained high for 2 hours, then 
gradually declined over 6 hours (Fig. 2B). 
Peptidetitration studies showed that the 
amount of Ld-GFP acquired by 2C T cells 
correlated with the concentration of QL9 pep 
tide used in the culture (Fig. 2C). With p2Ca, 
which is a lower a f i t y  peptide than QL9, 
acquisition of Ld-GFP was substantial but less 
marked than with QL9. Similar results were 
obtained by FACS analysis of 2C T cells 
stained with mAb to Ld (13) after culture with 
Drosophila cells expressing untagged Ld 
(Fly.Ld) (Fig. 2, B and C). Thus, acquisition of 
Ld molecules by 2C T cells is dependent on 
time and specific peptide concentration. 

Rapid acquisition of Ld molecules by T cells 
correlated with down-regulation of 2C TCRs 
(Fig. 2). Because TCR down-regulation is a 

Fig. 1. Acquisition of APC-de- 
rived MHC class I molecules by T 
cells. (A to  E) CD8 2C T cells 
were cultured with APCs ex- 
pressing Ld-CFP. CFP fluores- 
cence and differential interfer- 
ence contrast (DIC) images ob- 
tained with a confocal rnicro- 
scope system (Fluoview, Olympus) 
were overlaid. (A and B) CFP 
fluorescence and DIC images of a 
pair of resting 2C T cell-Fly.Ld- 
CFP loaded with QL9 peptide 
were acquired every 30 s for 45 
min. Images at 5 and 30 min are 
shown. (C) lrnage of one pair of 
activated 2C T cell-RMA-S.Ld- 
CFP with QL9 peptide after 30 
min of culture. (D) One pair of 
resting 2C T cell-Fly.Ld-CFP with 
P1A peptide. (E) Image of an ac- 
tivated 2C T cell after culture for 
45 min with the L~-CFP-trans- 
fected DC line. (F) Irnmunofluo- 
rescence image of one pair of 
activated 2C T cell-Fly.Ld. Acti- 
vated 2C T cells were cultured 
for 1 hour with Drosophila cells 
expressing untamed Ld in the 

result of TCR internalization by T cells (Is), 2C 
TCRs might be cointernalized with acquired 
Ld. In support of this possibility, Ld-GFP colo- 
calized with TCRs in 2C T cells that were 
cultured with Fly.Ld-GFP plus QL9 peptide but 
not PlA peptide (Fig. 3A). Ld-GFP internalized 
by 2C T cells partly colocalized with trans- 
fenin-containing vesicles (Fig. 3B). To follow 
the intracellular fate of Ld-GFP, we used Lyso- 
Tracker, a red fluorescent dye that specifically 
accumulates in low-pH compartments of cells, 
such as endosomes and lysosomes (16). Ld- 
GFP appeared in acidic compartments of 2C T 
cells cultured with APCs for 3 hours (Fig. 3C). 
Thus, MHC molecules acquired by T cells were 
cointernalized with TCRs through endocytosis 
and localized in endosomes and lysosomes. 

The presence of APC-derived pMHC com- 
plexes on the T cell surface, detected by FACS 
analysis (Fig. 2), could make these T cells 
susceptible to lysis by neighboring T cells with 
peptidespecific cytotoxic T lymphocyte (CTL) 
activity (fratricide). To test this possibility, we 
first sensitized S'Cr-labeled activated T cells 
with APCs expressing pMHC and then added 
fresh CTLs to the culture to perform a standard 
'Cr-release assay. Pre-culturing 'Cr-labeled 

2C T cells (I-Ub, Ld) with Ld-expressing APCs 
loaded with QL9 peptide (but not PlA peptide) 
rendered the labeled 2C T cells susceptible to 
lysis by unlabeled 2C CTLs (Fig. 4, A and B). 
The lysis of SICr-labeled 2C T cells was 

presence -of ~ ~ r ~ e ~ t i d e .  Cells 
were fixed, perrneabilized, and stained with biotinylated mAb to  Ld, followed with strepavidin- 
Texas Red. (G) Peptide-specific irnrnunoprecipitation of APC-derived Ld from resting 2C T cells. 2C 
T cells (lanes 1,2, and 3: no T cells, 2 X lo7 T cells, and 4 X l o7  T cells, respectively) were cultured 
for 4 hours with 3 X lo6 35S-methionine-labeled L-Ld cells. Lysates were prepared and imrnuno- 
precipitated with mAbs t o  HZK or t o  Ld. (H) lmmunoprecipitation of Ld molecules from 2C T cells 
cultured with L-Ld cells plus QL9 peptide for 4 hours with or without mAbs to  2C TCR (aTCR), t o  
Ld (aLd), or to  H-ZK (aHZK). 

blocked by mAbs to 2C TCR (1B2) (Fig. 4A) 
or to Ld (Fig. 4B). To rule out the possibility 
that peptides released from the killed APCs 
could sensitize the 2C T cells for subsequent 
killing, we used RMA-S cells (KbDb) loaded 
with a mixture of STY peptide (8) and GP33 
peptide (17) to sensitize either 2C T cells or 
LCMV T cells (1 7); 2C T cells recognize Kb- 
STY but not Db-GP33, whereas LCMV T cells 
recognize Db-GP33 but not Kb-STY (1 7). The 
"Cr-labeled 2C T cells that were sensitized 
with RMA-S cells loaded with both peptides 
were lysed only by 2C CTLs and not by LCMV 
CTLs (Fig. 4C). Conversely, "Cr-labeled 
LCMV T cells sensitized with RMA-S cells 
plus both peptides were killed only by LCMV 
CTLs and not by 2C CTLs (Fig. 4D). Thus, T 
cells were sensitized for fratricide by pMHC 
complexes specifically acquired from target 
cells. With SICr-labeled 2C T cells, sensitizing 
the T cells for lysis required a high concentra- 
tion of QL9 peptide on Ld-expressing APCs 

Time (HI) Peptlde (10. M) 

Fig. 2. Time- and peptide dose-dependent ac- 
quisition of APC-derived MHC molecules and 
TCR down-regulation. Resting 2C T cells were 
cultured for the indicated time with Fly.Ld -CFP 
APG plus the indicated doses of peptides. The 
amount of Ld-CFP acquired by CD8 2C T cells 
was directly analyzed by FACS. For the surface 
level of Ld and TCRs, 2C T cells were cultured 
with Fly.Ld APCs plus the indicated doses of 
peptides and analyzed with mAbs to  Ld (aLd) or 
to  2C TCR (aTCR) by FACS. (A) Histograms 
showing the amount of Ld-CFP and TCR on 2C 
T cells after culture for 30 min with Drosophila 
APCs plus 10 p M  of QL9 or P1A peptide. (0) 
Kinetics of TCR down-regulation and acquisi- 
tion of Ld by 2C T cells with 10 p M  of the 
indicated peptides. (C) Peptidedose dependent 
TCR down-regulation and acquisition of Ld by T 
cells. 
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Fig. 3. TCR-mediated 
endocytosis of APC- d e  
rived MHC class I mole- 
cules. W l n t n d u b r  
cdocal'im of TCR and 
Ld-CFP in 2C T cells. 
After culture for 1 hour 
with FIY.L~-CFP APG 
plus QL9 or PIA peptide, 
2CTcekwereperme 
abilized and stained first 
with a mixture of biotin- 
ylated mAbs to TCR (an- 

-.& 
ti-CD3, anti-TCRP, and 
a donotypic mAb. 1B2) 

--- 
DICl aTC RI aTC R Ld-GFP Ld-GFPI 

IaTCR) and then with Ld-GFP aTC R 
&rept&dir+~exas Red. . B 
(B) Aaivated 2C T ceUs 
were cultured first with 
Texas Red-conjugat- 
ed transfenin (5 @ml) 
and then with F1v.Ld-CFP ,- - 

the QL9 peptide for DIC Transterrln Ld-GFP La-GFPI 
30 rnin. (C) Activated Tranaforrl 
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