952

399 (1995); D. C. Baulcombe and J. ). English, Curr.
Opin. Biotechnol. 7, 173 (1996).

13. Total RNA was éxtracted from leaves of tomato,
tobacco, and N. benthamiana as described [E. Muel-
ler, ). E. Gilbert, G. Davenport, G. Brigneti, D. C.
Baulcombe, Plant J. 7, 1001 (1995)]. From these
preparations, low molecular weight RNA was en-
riched by ion-exchange chromatography on Qiagen
columns after removal of high molecular weight spe-
cies by precipitation with 5% polyethylene glycol
8000-0.5 M NaCl (for tobacco and N. benthamiana)
or by filtration through Centricon 100 concentrators
(Amicon) (for tomato). Low molecular weight RNA
was separated by electrophoresis through 15% poly-
acrylamide-7 M urea-0.5X tris-borate EDTA gels,
transferred onto Hybond Nx filters (Amersham), and
fixed by ultraviolet cross-linking. Prehybridization
was in 45% formamide, 7% SDS, 0.3 M NacCl, 0.05 M
Na,HPO,-NaH,PO, (pH 7), 1X Denhardt's solution,
and sheared, denatured, salmon sperm DNA (100
mg/ml) at between 30° and 40°C. Hybridization was
in the same solution with single-stranded RNA
probes transcribed with «-32P-labeled uridine
triphosphate. Before addition to the filters in the
prehybridization solution, probes were hydrolyzed to
lengths averaging 50 nt. Hybridization was for 16
hours at 30°C (ACO probes), 35°C (GUS probe), or
40°C (GFP and PVX probes). Sizes of RNA molecules
were estimated by comparison with 33P-phosphoryl-
ated DNA oligonucleotides run on the same gels but

REPORTS

imaged separately. Additionally, samples from differ-
ent types of PTGS, including those shown, were fre-
quently run on the same gel. Alignment of the filters
after hybridization with different specific probes con-
firmed that the PTGS-specific signals were identical
in size. The probes used are in each case sequence
specific. We have observed no cross-hybridization
between 25-nt signals in different PTGS systems
using either filter hybridization or RNAase protection
(www.sciencemag.org/feature/data/1042575.shl).
We do not have an exact measurement of the
amount of 25-nt RNA per cell, but given the short
exposure times routinely used to detect these mol-
ecules and taking into account their size, they are
likely to be abundant in cells exhibiting PTGS.

14. The 25-nt ACO antisense signal was completely abol-
ished by pretreatment with either RNAaseONE (Pro-
mega) or NaOH.

15. S. L. A. Hobbs, T. D. Warkentin, C. M. O. DelLong, Plant
Mol. Biol. 21, 17 (1993).

16. T. Elmayan and H. Vaucheret, Plant J. 9, 787 (1996).

17. H. Vaucheret, C. R. Acad. Sci. Paris 316, 1471 (1993).

18. ). ). English, G. F. Davenport, T. Elmayan, H.
Vaucheret, D. C. Baulcombe, Plant J. 12, 597 (1997).

19. O. Voinnet and D. C. Baulcombe, Nature 389, 553
(1997).

20. ).-C. Palauqui and S. Balzergue, Curr. Biol. 9, 59
(1999).

21. A high-titer, synchronized PVX infection on leaves of
untransformed N. benthamiana was initiated by in-

TCR-Mediated Internalization of
Peptide-MHC Complexes
Acquired by T Cells

Jing-Feng Huang,” Young Yang," Homero Sepulveda,’
Weixing Shi,” Inkyu Hwang,? Per A. Peterson,’
Michael R. Jackson,? Jonathan Sprent,? Zeling Cai'*

Peptide—major histocompatibility complex protein complexes (pMHCs) on an-
tigen-presenting cells (APCs) are central to T cell activation. Within minutes of
peptide-specific T cells interacting with 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 to 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 to down-

regulate immune responses.

T cell responses are initiated by T cell recep-
tor (TCR) recognition of pMHCs on APCs
(I). 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 Drosoph-
ila, RMA-S, and dendritic cell lines expressing
MHC class I (L%)—green fluorescent protein
fusion molecules (L9-GFP) (5) as APCs to ac-
tivate CD8 T cells from the 2C TCR transgenic
mouse line (6, 7). 2C T cells recognize L9 plus
either QL9 peptide or a closely related peptide,
p2Ca (8). Empty L9-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.LI-GFP) plus
the QL9 peptide, L4-GFP molecules formed
large clusters at the T cell-APC contact site
[Fig. 1A and Web figure 1 (10)]. 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-GFP 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 L-GFP clusters at the T cell-APC interface
decreased in size, and small aggregates of LI-
GFP appeared concomitantly within 2C T cells
at sites distal to the contact site [Fig. 1, B and C,
Web figure 2 (10)]. This process was not seen
with P1A (/1) (Fig. 1D), a control peptide that
binds to L¢ but is not recognized by 2C TCR
(7). Aggregates of L9-GFP were also detected
inside 2C T cells after interaction with the
L4-GFP-transfected dendritic cell line DC2.4
(12) (Fig. 1E), which presents endogenous
p2Ca peptide. To exclude the possibility that
GFP itself could mediate the acquisition of L4
by T cells, we used Drosophila cells express-
ing untagged LY (no GFP) loaded with QL9
peptide as APCs. After culture for 1 hour,
multiple aggregates of LY molecules were
detected in 2C T cells by intracellular stain-
ing with monoclonal antibody (mAb) to L4
(13) (Fig. 1F). Thus, in the presence of anti-
genic peptides, LY molecules can be acquired
from APCs by T cells, and this acquisition is
independent of GFP.

Acquisition of APC-derived L¢ 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 L¢ (L-LY) (14),2C T
cells were highly purified and immunoprecipi-
tation was performed with mAbs to class I
molecules. Immunoprecipitation of L¢ from 2C
T cells cultured with L-L¢ plus QL9 peptide
was prominent (Fig. 1G). In the presence of the
control P1A peptide (17), precipitation of L9
was limited, but clearly detectable, presumably
due to the presentation of endogenous p2Ca
peptide in L-L¢ cells. In contrast, other MHC
class I molecules (K¥ and D¥) expressed by L
cells were not detectable in 2C T cells by
immunoprecipitation (Fig. 1G). The peptide-
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dependent acquisition of LY molecules by T
cells could be blocked by adding mAbs either
to TCR or L9 during the culture (Fig. 1H).
Thus, acquisition of L¢ 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 L&-GFP with QL9
peptide but negative with the control P1A
peptide (Fig. 2A). The amount of L-GFP on
2C T cells remained high for 2 hours, then
gradually declined over 6 hours (Fig. 2B).
Peptide-titration studies showed that the
amount of L%-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 affinity peptide than QL9,
acquisition of L9-GFP was substantial but less
marked than with QL9. Similar results were
obtained by FACS analysis of 2C T cells
stained with mAb to L (13) after culture with
Drosophila cells expressing untagged L¢
(Fly.L9) (Fig. 2, B and C). Thus, acquisition of
L¢ molecules by 2C T cells is dependent on
time and specific peptide concentration.

Rapid acquisition of LY 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- A
rived MHC class | molecules by T
cells. (A to E) CD8 2C T cells
were cultured with APCs ex-
pressing L9-GFP. GFP fluores-
cence and differential interfer-
ence contrast (DIC) images ob-
tained with a confocal micro-
scope system (FluoView, Olympus)
were overlaid. (A and B) GFP
fluorescence and DIC images of a
pair of resting 2C T cell-Fly.L¢-
GFP loaded with QL9 peptide
were acquired every 30 s for 45
min. Images at 5 and 30 min are
shown. (C) Image of one pair of
activated 2C T cell-RMA-S.L%-
GFP with QL9 peptide after 30
min of culture. (D) One pair of
resting 2C T cell-Fly.L9-GFP with
P1A peptide. (E) Image of an ac-
tivated 2C T cell after culture for
45 min with the L9-GFP-trans-
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result of TCR internalization by T cells (15), 2C
TCRs might be cointernalized with acquired
L4, In support of this possibility, L¢-GFP colo-
calized with TCRs in 2C T cells that were
cultured with Fly.L9-GFP plus QL9 peptide but
not P1A peptide (Fig. 3A). L4-GFP internalized
by 2C T cells partly colocalized with trans-
ferrin-containing vesicles (Fig. 3B). To follow
the intracellular fate of L-GFP, we used Lyso-
Tracker, a red fluorescent dye that specifically
accumulates in low-pH compartments of cells,
such as endosomes and lysosomes (/6). L¢-
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
peptide-specific cytotoxic T lymphocyte (CTL)
activity (fratricide). To test this possibility, we
first sensitized >'Cr-labeled activated T cells
with APCs expressing pMHC and then added
fresh CTLs to the culture to perform a standard
51Cr-release assay. Pre-culturing !Cr-labeled
2C T cells (H2®, L4) with L9-expressing APCs
loaded with QL9 peptide (but not P1A peptide)
rendered the labeled 2C T cells susceptible to
lysis by unlabeled 2C CTLs (Fig. 4, A and B).
The lysis of 5!Cr-labeled 2C T cells was

fected DC line. (F) Immunofluo- G

rescence image of one pair of
activated 2C T cell-Fly.Ld. Acti-

D«
vated 2C T cells were cultured Kﬁ’

for 1 hour with Drosophila cells

o H-2% oL H OQ +
T2 912923 A S
9 7/ X¢ 6;‘6”

- — Ld

QL9 P1IA QL9 - . <

expressing untagged LY in the
presence of QL9 peptide. Cells

were fixed, permeabilized, and stained with biotinylated mAb to L9, followed with strepavidin—
Texas Red. (G) Peptide-specific immunoprecipitation of APC-derived L9 from resting 2C T cells. 2C
T cells (lanes 1, 2,and 3: no T cells, 2 X 107 T cells, and 4 X 107 T cells, respectively) were cultured
for 4 hours with 3 X 106 35S-methionine-labeled L-L¢ cells. Lysates were prepared and immuno-
precipitated with mAbs to H2X or to L9. (H) Immunoprecipitation of LY molecules from 2C T cells
cultured with L-L9 cells plus QL9 peptide for 4 hours with or without mAbs to 2C TCR («TCR), to

L¢ (aL9), or to H-2% (aH2X).

blocked by mAbs to 2C TCR (1B2) (Fig. 4A)
or to L¢ (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 (K®DP) loaded
with a mixture of SIY peptide (8) and GP33
peptide (17) to sensitize either 2C T cells or
LCMV T cells (17); 2C T cells recognize K®-
SIY but not DP-GP33, whereas LCMV T cells
recognize D*-GP33 but not KP-SIY (/7). The
31Cr-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 >!Cr-labeled 2C T cells, sensitizing
the T cells for lysis required a high concentra-
tion of QL9 peptide on L9-expressing APCs

40
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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.L¢ -GFP
APCs plus the indicated doses of peptides. The
amount of L9-GFP acquired by CD8 2C T cells
was directly analyzed by FACS. For the surface
level of L9 and TCRs, 2C T cells were cultured
with Fly.LY APCs plus the indicated doses of
peptides and analyzed with mAbs to L9 (aL9) or
to 2C TCR (aTCR) by FACS. (A) Histograms
showing the amount of LY-GFP and TCR on 2C
T cells after culture for 30 min with Drosophila
APCs plus 10 pM of QL9 or P1A peptide. (B)
Kinetics of TCR down-regulation and acquisi-
tion of LY by 2C T cells with 10 uM of the
indicated peptides. (C) Peptide-dose dependent
TCR down-regulation and acquisition of LY by T
cells.
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Fig. 3. TCR-mediated
endocytosis of APC- de-
rived MHC dass | mole-
cules. (A) Intracellular
olocalization of TCR and
LY-GFP in 2C T cells.
After culture for 1 hour
with Fly.l9-GFP APCs
plus QLS or P1A peptide,
2C T cells were perme-
abilized and stained first
with a mixture of biotin- e
ylated mAbs to TCR (an- P ¢
ti-CD3¢, anti-TCRB, and
a donotypic mAb, 1B2)
(«TCR) and then with
streptavidin-Texas Red.
(B) Activated 2C T cells
were cultured first with
Texas Red—conjugat-
ed transferin (5 pg/ml)
and then with Fly.L-GFP
plus the QL9 peptide for
30 min. (C) Activated
CD8 2C T cells were cul-
tured with RMA-SL9-
GFP plus QL9 for 3 hours
and then stained with
5 nM LysoTracker Red
DND-99 for 10 min.

DIC/ oTCR/
L.GFP

DIC

DIC

(Fig. 4). Likewise, with dendritic cells (H29) as
APCs, sensitizing 2C T cells required that the
DC (which expresses endogenous p2Ca pep-
tide) be supplemented with a high concentra-
tion of QL9 peptide.

Fratricide of CD8 T cells after antigen--

specific T cell-APC interaction could be rel-
evant to the finding that in vivo exposure to
high doses of virus causes antigen-specific
CD8 T cells to proliferate briefly and then
disappear (/7). The mechanism of such CTL
“exhaustion” is not clear. It has been suggest-
ed that the responding T cells themselves are
infected with the viruses, thus becoming tar-
gets for CTLs (/8). Nevertheless, detection of
viruses in CTLs is not an invariable finding
(17). Our data (Fig. 4) suggest that fratricide
of T cells does not require direct viral infec-
tion of T cells but can be accomplished
through transfer of preformed pMHC com-
plexes from the APC to specific T cells. On
the basis of the peptide-dose experiment (Fig.
4E), T cell fratricide would only occur if a
high density of pMHC was transferred to the
surface of the target T cells, which could
happen in cells infected by high doses of
virus. Because unrestricted T cell responses
upon exposure to high doses of viruses would
lead to dangerous immunopathology (19), re-
ducing the intensity of the immune responses
by fratricide of T cells could be a beneficial
form of immunoregulation in vivo.
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