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TCR Dynamics in Human Mature T Lymphocytes
Lacking CD3y*

Pilar S. Torres,* Andrés Alcover,” David A. Zapata,* Jacques Arnaud; Alberto Pacheco?*
José M. Martin-Fernandez,* Eugenia M. Villasevil,* Ozden Sanaf and José R. Regueird*

The contribution of CD3 to the surface expression, internalization, and intracellular trafficking of the TCR/CD3 complex (TCR)
has not been completely defined. However, CD8is believed to be crucial for constitutive as well as for phorbol ester-induced
internalization. We have explored TCR dynamics in resting and stimulated mature T lymphocytes derived from two unrelated
human congenital CD3y-deficient (y™) individuals. In contrast to y~ mutants of the human T cell line Jurkat, which were selected
for their lack of membrane TCR and are therefore constitutively surface TCR negative, these naturaly™ T cells constitutively
expressed surface TCR, mainly through biosynthesis of new chains other than CR3However, surface (but not intracellular)
TCR expression in these cells was less than wild-type cells, and normal surface expression was clearly gld&pendent, as it was
restored by retroviral transduction of CD3y. The reduced surface TCR expression was likely caused by an impaired assembly or
membrane transport step during recycling, whereas constitutive internalization and degradation were apparently normal. Ab
binding to the mutant TCR, but not phorbol ester treatment, caused its down-modulation from the cell surface, albeit at a slower
rate than in normal controls. Kinetic confocal analysis indicated that early ligand-induced endocytosis was impaired. After its
complete down-modulation, TCR re-expression was also delayed. The results suggest that GO®ntributes to, but is not abso-
lutely required for, the regulation of TCR trafficking in resting and Ag-stimulated mature T lymphocytes. The results also indicate

that TCR internalization is regulated differently in each case. The Journal of Immunology, 2003, 170: 5947-5955.

cells detect and respond to Ags by way of the T cell Ag

receptor, a cell surface protein complex of the following

four different dimers: TCRaB, CD3ye, CD38e, and (¢
(1). The TCRisexpressed on T cellsasthe result of an equilibrium
between synthesis and transport to the cell surface of new chains
and their internalization and recycling or degradation (2). In rest-
ing T cells, cell surface-expressed TCR complexes are long lived.
That is, they are relatively independent of synthesis, surface trans-
port, and degradation for several hours. However, they are consti-
tutively and rapidly internalized and recycled back to the cell sur-
face (2, 3). Constitutive TCR internaization and recycling is
believed to be controlled, in turn, by a phosphorylation-dephos-
phorylation equilibrium promoted by serine kinases and phospha-
tases that operate constitutively on a CD3vy internalization motif
(4, 5), athough participation of ¢ has also been reported (3).
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Upon Ag binding TCR recycling is reduced, and degradation is
strongly increased. As the internalization rate is also (modestly)
increased, a net long-term drop of surface TCR levels (termed
down-modulation) ensues (3, 6). TCR down-modulation is be-
lieved to be a means of attenuating further T cell stimulation after
Ag recognition (7, 8). Several CD3 subunits including CD3y (9)
may be involved in this complex process, which apparently does
not require CD3y phosphorylation (10, 11, 12). Indeed, a recent
report indicated that ligand-induced TCR down-modulation is in-
dependent of constitutive TCR cycling (5). Artificial transmem-
brane activation of T cells in the absence of ligand, for example
with phorbol esters, also causes arapid, albeit partial, TCR down-
modulation. However, in this case a different mechanism is involved.
Thisincludes increased internalization but not degradation, and leads
to intracellular accumulation of internalized complexes (13-16). A
critical role has been ascribed to CD3y in this process, and in partic-
ular to the phosphoserine-dependent di-leucine interndization motif
borne by this chain (17, 18), suggesting shared features with consti-
tutive TCR internalization and recycling.

Lack of CD3y completely prevents surface TCR expression on
certain human and mouse T cell lines (11, 14, 19). Mature T cells
from CD3y-deficient (y~)* humans (20) or knockout mice (21), in
contrast, express abundant TCR levels, although less than normal
controls. Nevertheless, a structural role for CD3y in TCR confor-
mation, and thus Ab binding, cannot be formally excluded (22). y—
T cells are strictly resistant to phorbol ester-induced TCR down-
regulation (23, 24), confirming that CD3y is important for TCR
regulation in resting and phorbol ester-activated T lymphocytes.
However, ligand-induced TCR down-modulation is preserved
when CD3y islacking (25), although conflicting results have been

4 Abbreviations used in this paper: v, CD3y deficient; JGN, Jurkat y negative; BFA,
brefeldin A; CHX, cycloheximide; HV'S, Herpesvirus saimiri; y*, CD3y sufficient;
SEB, Saphylococcus enterotoxin B; HTLV-I, human T cell leukemia virus type I;
Endo H, Endo-B-N-acetylglucosaminidase H; EGFP, enhanced green fluorescence
protein; DPBS, Dulbecco’'s PBS.
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reported in the mouse model (24). Thus, TCR surface levels are
carefully regulated by different mechanismsin resting T cells and
in T cells activated by different agents. The precise contribution of
CD3y to TCR output, input, and intracellular traffic in each case
has not been completely defined. Therefore, we have explored con-
stitutive and ligand (or PMA)-induced TCR dynamics in mature T
cells derived from two unrelated human y~ individuals.

Materials and Methods
T cdl lines

Herpesvirus saimiri (HVS)- and human T cell leukemia virus type |
(HTLV-I)-transformed T cell lines were derived from PBL of two healthy
congenital y~ individuals carrying different mutations in CD3G (D.S.F.
and F.K., Ref. 26) or normal, CD3y-sufficient (y*) donors, as previously
described (23, 27). D.SF. is a compound heterozygote (9.38 A>G;
g.1VS2-1 G>C) born to unrelated Spanish parents. F.K. is a homozygote
(9.242 A>T) born to consanguineous Turkish parents. Both are currently
healthy and well into their teens. The HV S-transformed T cell linesused in
the experiments had been cultured for 6 years (DSF4, CD4" y~; DSF8,
CD8" y; CTO, CD8" y*), 4 years (AGU, CD4" vy"), or 2 years (FK2,
CD8" y; YK2, CD8" y*/7). The HTLV-I-transformed T cell lines had
been cultured for 2 years (DSF, CD4* y~, BS1.1 CD4" y*). HVS-trans-
formed cells were always grown in paralel in 1:1 RPMI:Panserin medium
from Life Technologies (Paisley, UK) and PAN Biotech (Aidenbach, Ger-
many), respectively. HTLV-I cells were grown in RPMI aone. In all cases
media were supplemented with 40 |U/ml human rIL-2 (Frederick Cancer
Research and Development Center, National Cancer Institute, Frederick,
MD), 10% FCS (Flow Laboratories, Rockville, MD), and 1% glutamine
(BioWhittaker, Berkshire, UK). Media were replaced every 3—-4 days. Ex-
cept where indicated, all experiments were performed on resting HVS-
transformed cells that were generated by starving cells overnight in RPMI/
Panserin with 2% FCS but no | L-2 the day before medium replacement was
due. Before use, cells were washed twice in PBS and resuspended in
RPM/Panserin 10% FCS without IL-2. The human T cell line Jurkat and
a TCR surface-negative variant that synthesizes no CD3y (Jurkat y nega-
tive (JGN), 19) were provided by Dr. B. Rubin (Centre National de la
Recherche Scientifique, Centre Hospitalier Universitaire, Purpan, Tou-
louse, France). In some experiments, HV S-transformed V3™ T cellswere
isolated using the MACS anti-FITC MultiSort kit (Miltenyi Biotec, Ber-
gisch Gladbach, Germany). Briefly, 2 X 107 cells were stained with 40 ul
of anti-TCRV B3-FITC mAb (Immunotech, Luminy, France) and 60 ul of
MACS buffer (PBS with 0.5% BSA and 2 mM EDTA) for 30 min at 4°C.
After two washes with MACS buffer, 20 ul of anti-FITC-coated magnetic
beads (Dynal Biotech, Oslo, Norway) and 80 ul of MACS buffer were
added to the cell pellet and incubated for 15 min at 6°C. Cells were washed
twice, resuspended in 1 ml of MACS buffer, and run in the AutoMACS
magnetic cell sorter (Miltenyi Biotec) using the Posseld D protocol. Purity
was monitored by flow cytometry.

Retroviral transduction

CD3y cDNA was cloned into the LZRS-enhanced green fluorescence pro-
tein (EGFP) bicistronic retroviral vector (28) and transfected into PG13
cells. Puromycin-resistant cells were sorted for EGFP expression, cloned,
and selected for EGFP transfer capacity to Jurkat and normal or y~ T cells
as described (29).

Abs and flow cytometry

The expression of different surface or intracellular markers was studied by
flow cytometry according to a standard procedure (23). The following
mAbs were used: CD3 (UCHT1) as hybridoma supernatant, or from Im-
munotech (10T3b); VB3 (CH92) from Immunotech; CD4 (Leu3a) and
CD45R0O (UCHL1) from BD Biosciences (Mountain View, CA); TCRpB
(BF1) from Endogen (Woburn, MA); and CD4 (RPA-T4) from BD Phar-
Mingen (San Diego, CA). CD3 (Leu4) hybridoma supernatant and APAL/1
ascitic fluid were generous gifts from Dr. B. Alarcon (Centro de Biologia
Molecular (CBM), Consejo Superior de Investigaciones Cientificas, Ma-
drid, Spain). All commercial Abs were FITC- or PE-conjugated, and for
UCHT1 and Leu4 hybridomas, a PE-conjugated goat anti-mouse IgG (H +
L) from Caltag Laboratories (Burlingame, CA) was used. Background flu-
orescence was defined in all cases with an isotype-matched irrelevant mAb
from Caltag Laboratories. Cells were washed twice in PBS 1% FCS, and
analyzed in an Epics Elite Analyzer cytofluorometer (Coulter Electronics,
Hialeah, FL). For comparative stainings we used the mean fluorescence
intensity, defined as the average fluorescence value of the corresponding
mAb referred to the logarithmic scale of fluorescence intensity along the
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x-axis of the histograms. Brefeldin A (BFA) (10 wg/ml; Sigma-Aldrich, St.
Louis, MO) or cycloheximide (CHX) (50 wg/ml; Calbiochem, La Jolla,
CA) treatments were done at 37°C in flat-bottom 96-well microtiter plates
(10° cells/ml) (3).

To study ligand-induced internalization, 10° cells/ml were incubated at
37°Cin RPMI/HEPES 25 mM/BSA (1 mg/ml) in the presence of 20 wg/ml
UCHT1-FITC or an irrelevant Ab (negative control). At severa time
points, cells were washed in ice-cold RPMI/BSA (1 mg/ml), split, and
subsequently acid pH-treated or left untreated. For acid treatment, cells
were resuspended in 300 ul of acid medium (RPMI, 25 mM sodium ace-
tate, brought to pH 2.8 with HCI) for 2.5 min and then neutralized with 0.8
ml of RPMI brought to pH 9 with NaOH. This treatment removed 90-99%
of surface-associated (but not internalized) mAb. After two washes with
PBS, cells were analyzed by flow cytometry. The percentage of CD3 in-
ternalization was calculated using the following described eguation (30):
(specific median fluorescence intensity in acid-treated cells/untreated
cells) X 100, where the specific median fluorescence intensity is that of
cellsincubated with anti-CD3 minus that of the negative control. The CD3
internalization rate was determined by linear regression analysis (Prophet;
BBN Systems and Technologies, Yarbley, PA) and is expressed as a per-
centage of the total surface-labeled CD3 that was internalized per minute.

Saphylococcus enterotoxin B (SEB)-induced down-modulation was in-
duced as described (31). VB3™ cellsat 5 X 10° cells/500 ul were incubated
in growth medium containing 20 wg/ml SEB (Toxin Technology, Madison,
WI) for 2 h at 37°C. Then cells were washed in cold PBS 1% FCS, and cell
surface expression of CD3 was assessed by direct immunofluorescence (30
min., 4°C, Leu4; BD Biosciences), washed twice in cold PBS 1% FCS, and
analyzed by flow cytometry.

To study CD3 re-expression, TCR down-regulation was first induced as
described previously (8). Briefly, 10° resting cells/ml were incubated in the
presence of a 1/2 dilution of a CD3-specific mAb (Leu4 hybridoma super-
natant) or an irrelevant mAb (negative control; Caltag Laboratories) for
24 h, stained with PE-conjugated goat anti-mouse 1gG for 45 min, and
analyzed by flow cytometry to ascertain down-regulation. Cells were then
incubated at 37°C in the presence of Leu4 (to maintain down-regulation) or
the irrelevant Ab (test) for severa time periods. After two washings with
PBS 1% FCS, CD3 re-expression was monitored with PE-conjugated Leu4
by flow cytometry. Results are given as the mean fluorescence intensity of
untreated relative to anti-CD3-treated cells.

Where appropriate, polynomial regression (Prophet; BBN Systems and
Technologies) was used for expression kinetics plots.

TCR labeling and immunopr ecipitation

For surfaceiodination at least 107 cells were washed twice and resuspended
in 150 ul of PBS. Then cells were **5I-labeled by adding 2 mCi Na'*|
(Amersham, Arlington Heights, IL), 30 ul of a 140 IU/ml lactoperoxidase
solution (Sigma-Aldrich), and 10-ul aliquots of a 0.06% H,O, PBS solu-
tion five times at 5-min intervals. The labeling reaction was stopped by
adding a20-mM K1 and 1-mM tyrosine PBS solution (Sigma-Aldrich). The
samples were lysed in 1% Digitonin (Sigma-Aldrich) -containing lysis
buffer (1% Digitonin, 150 mM NaCl, 20 mM Tris-HCI (pH 8), 10 mM
iodoacetamide, 1 mM PMSF).

Surface biotinylation was done as described (32). In brief, 15 X 10° cells
werewashed threetimesin Dulbecco’sPBS (DPBS) (0.14 M NaCl, 8 mM Na,
HPO,, 1.5 mM KH, PO,, 2.7 mM KCl,) (pH 7.4) and labeled with 200 g/
mi/107 cells of Sulfo-NHS-LC biotin (Pierce, Rockford, IL) in DPBS plus 0.25
mM MgCl,, 0.5 mM CaCl,, and 1 g/L glucose for 30 min at 4°C in rotation.
Excess biotin was quenched with 10 mM NH,CI for 15 min onice. Cellswere
washed twice with DPBS, incubated at 37°C in RPMI/HEPES 25 mM/BSA 1
mg/ml for different time periods, and subsequently lysed on ice (5 X 10°
cellglane) for 45 min in 1% Digitonin-containing (pH 7.6) lysis buffer (1%
Digitonin (Sigma-Aldrich), 50 mM Tris-HCI, 150 mM NaCl, 1 mM MgCl,,
0.1 mM PMSF (Sigma-Aldrich), and 8 mM iodoacetamide (Sigma-Aldrich)).
Finaly, cell debris were removed by centrifugation (2,000 X g, 14,000 X g;
30 min each), and supernatants, hereafter referred to as lysates, were collected
and transferred to new tubes.

For immunoprecipitation, lysates were precleared twice (for 2 h and
overnight, respectively) by incubation with Sepharose beads (Amersham
Pharmacia Biotech, Piscataway, NJ) containing 1% Digitonin, followed by
a 2-min centrifugation at 12,000 X g in an Eppendorf centrifuge at 4°C.
The precleared supernatants were subsequently incubated for 1.5 h at 4°C
with 250 ul of OK T3 supernatants (anti-CD3) coupled to protein G-Sepha-
rose beads (Amersham Pharmacia Biotech). The beads were then washed
five times in lysis buffer, resuspended in Laemmli sample buffer, and
boiled for 5 min before a short spin at 12,000 X g. For deglycosylation
with Endo-B-N-acetylglucosaminidase H (Endo H) (Boehringer Mann-
heim, Mannheim, Germany), immunoprecipitates were resuspended after

0202 ‘ZT Yo N uo Alun adsnsdeH e /610" jounwiw i mmmy/:dny wody pepeojumoq


http://www.jimmunol.org/

The Journa of Immunology

the last wash in 45 pul of denaturing buffer (5% SDS, 10% 2-ME) and
boiled for 10 min. After a 2-min/12,000 X g centrifugation, supernatants
were transferred to new Eppendorf tubes and deglycosylated overnight at
37°C with Endo H with 4.5 ul of 10X Endo H buffer (0.5 M sodium cytrate
(pH 5.5)) and 1 pul of Endo H (1000 1U/ml).

Electrophoresis was done in 10% SDS-polyacrylamide gels under re-
ducing or nonreducing conditions where indicated (nonreducing conditions
preserve TCRa dimers). For Western blots, the electrophoresed proteins
were transferred to a polyvinylidene difluoride membrane (Bio-Rad, Her-
cules, CA) by standard procedures. The membrane was blocked in a so-
lution of 2.5% BSA/DPBS (Roche Molecular Biochemicas, Mannheim,
Germany) for 30 min at room temperature, rinsed once with 200 ml of Low
buffer (0.1% Tween 20 in DPBS), and incubated with 1/12,500 of strepta-
vidin-HRP (Amersham) for 1 h at room temperature. After six washes with
100 ml of Low buffer, the membrane was processed by the ECL method
(Amersham Pharmacia Biotech). The samples were anayzed by autora-
diography. The films were electronically scanned (Geldoc 2000 analyzer;
Bio-Rad) to determine the relative intensity and m.w. of each protein.

Confocal microscopy

For intracellular stainings, 5 X 10° cells were washed twice in PBS 0.1%
BSA and adjusted to afinal concentration of 2.5 X 10%ml. A total of 2.5 X
10* cells were dropped onto nontreated glass slides by cytocentrifugation
at 400 rpm for 3—4 min in a Cytospin 3 cytocentrifuge (Thermo-Shandon,
Pittsburgh, PA). Samples were air dried and then fixed in acetone at room
temperature for 5 min. Slides were again air dried, incubated with anti-
TCRP (100 wl BF1, 20 pwg/ml, 40 min in awet chamber), washed twice in
PBS, dried carefully, stained with Cy3-conjugated rabbit anti-mouse 1gG
(H + L)-specific Ab (100 wl, /200 dilution) from Jackson ImmunoRe-
search Laboratories (West Grove, PA), washed twice, dried, and stained
with CD4-specific FITC-conjugated mAb (100 ul, 1/2 dilution). After two
final washes, a drop of mounting medium was added to the slides, and cells
were analyzed under a Bio-Rad MRC-1024 confocal microscope.

CD3 endocytosis was monitored as previously described (31). Briefly,
2 X 10° cellsml were preincubated in serum-free RPMI supplemented
with 25 mM HEPES buffer (pH 7.2) and 1 mg/ml BSA for 30 min at 37°C
to deplete transferrin from cells. Cells were washed and incubated with
soluble anti-CD3 (UCHTZ, 1gG1) mAb for 30 min at 37°C (or 4°C, as a
time O control). After two more washes in RPMI/HEPES, 1 mg/ml BSA,
cells were further incubated at 37°C for an extra 0.5, 1, 2, 4, and 6 h, with
150 nM rhodamine-transferrin added for the last 15 min. Cells were then
washed and fixed for 20 min at 4°C and 37°C in PBS containing 3.7%
paraformaldehyde and 30 mM sucrose. Formal dehyde was quenched for 10
min in 50 mM NH,CI-PBS, and cells were permeabilized with BSA-PBS,
0.1% Triton X-100 at 37°C for 15 min, and incubated with FITC-coupled
sheep anti-murine IgG1 Ab (1/100; Amersham) and anti-CD63 (1/500 1B5,
1gG2b kindly donated by Dr. M. Marsh (Cell Biology Unit, MRC Labo-
ratory for Molecular Cell Biology, University College, London, U.K.)).
After three more washes in permeabilizing buffer, cells were re-stained
with Alexa 488-coupled goat anti-fluorescein Ab (1/100; Molecular
Probes, Eugene, OR) and Texas Red conjugated anti-mouse 1gG2b (South-
ern Biotechnology Associates, Birmingham, AL). The anti-fluorescein Ab
was required to enhance green fluorescence, which was otherwise barely
detectable in y~ cells in preliminary experiments. Finally, samples were
washed three timesin permeabilizing buffer and oncein PBS, and mounted
on microscope slides in Mowiol supplemented with 200 mg/ml DABCO
(Sigma-Aldrich). The samples were examined under a Zeiss LSM 510
confocal microscope. A z-series of optical sections in 0.5-um steps was
performed. Red and green fluorescence emissions were acquired sepa-
rately. No immunofluorescence staining was ever observed when second
Abs were used without the first Ab or with an irrelevant first Ab. For
whole-cell staining of CD3, cells were fixed, quenched, permeabilized, and
stained with FITC-labeled anti-CD3 followed by Alexa 488-coupled goat
anti-fluorescein Ab.

Results
TCR dynamics in nonstimulated y~ T cells

Natural vy~ T cells from two unrelated individuas (identified as
D.S.F. and F.K.) constitutively expressed abundant TCR at the cell
surface, as detected both by cytofluorometry (Fig. 1A) and immu-
noprecipitation (Ref. 22 and Fig. 1B) with CD3- and TCR-specific
monoclonals. However, these surface levels were consistently less
than normal controls. The Jurkat mutant JGN (for y negative) is
shown to illustrate the fact that it lacks TCR expression com-
pletely, therefore precluding the analysis of TCR dynamicsin the
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FIGURE 1. Abundant constitutive surface TCR expression in natural
vy~ T cells as compared with Jurkat y~ mutant JGN and correction by
CD3y transduction. A, Normal (y*) and y~ natural CD4" T cells from two
unrelated individuals (D.S.F., F.K.), either primary (PBL) or virus-trans-
formed (HVS, HTLV-I), were compared with wild-type (WT) and vy~
(JGN) Jurkat T cells by flow cytometry. For VB3 expression, purified
VB3* vy~ and y* T cells were compared. NA, not available. B, TCR
immunoprecipitation of radiciodinated HVS-transformed vy~ and y* T
cells digested, where indicated, with Endo H to reveal CD3y. HLA class |
molecules were analyzed as a control. The positions of the expected deg-
lycosylated proteins are indicated by arrows. C, Comparative CD3 expres-
sion of transduced (thick lines) vs untransduced (dashed lines), natural y—
(PBL, HVS from F.K. and D.S.F., respectively), and JGN (Jurkat) T cells
exposed to aretroviral vector carrying CD3y cDNA (yRV). CD3 expres-
sion by normal controls (y*, WT) is shown as thin lines, for reference.

absence of CD3y. To demonstrate that CD3y was the limiting
factor for surface TCR expression, natural y~ T cells from the two
donors (PBL from F.K. and HV S-transformed T cellsfrom D.S.F.)
were retrovirally transduced with an intact CD3y cDNA (yRV).
The results showed that CD3y transduction restored normal sur-
face TCR levelsin natural vy~ T cells, but not in JGN (Fig. 1C).
This indicates that the reduced levels of TCR/CD3 cell surface
expression in natural y~ cells was caused only by the lack of
CD3y. The fact that the corrected y~ T cells did not overexpress
the TCR suggests that they did not develop intrathymically be-
cause of extraordinary receptor dynamics. Whereas the observed
low TCR expression by natural vy~ T cells could be caused, at |east
in part, by the structural impact of the missing chain on Ab binding
to the mutant complex, it could also be caused by animpaired TCR
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FIGURE 2. Half-life of constitutive surface TCR complexes is normal
inrestingy” Tcells. A,y andy" CD4" T cellswere surface biotinylated,
incubated for different time periods, lysed, and immunoprecipitated with
anti-CD3 (OKT3). After electrophoresis, the gel was immunoblotted with
streptavidin-HRP and developed by chemiluminescence. Positions of the
expected TCR and CD3 proteins are indicated by arrows (m, mature; i,
immature). Note that CD3y is poorly labeled by this procedure. B, Den-
sitometry of labeled TCR and CD3 proteins relative to time 0. The im-
paired association of ¢ to the mutant TCR and its lack of mature TCRa3
dimers (22) precluded a similar analysis of these bands.

assembly and/or recycling, or by increased internalization or deg-
radation of the mutant complex.

To address some of these possibilities, vy~ T cells were surface
biotinylated, incubated for increasing times, and analyzed by im-
munoprecipitation to assess the half-life of the mutant complex
(Fig. 2). The results confirmed that y~ T cells expressed high
amounts of CD3 chains (probably CD36e dimers; D. A. Zapata,
W. Schamel, P. S. Torres, B. Alacdn, and J. R. Regueiro, unpub-
lished results) loosely associated to immature TCRa dimers and
especialy to ¢ dimers (Fig. 2A and Ref. 22). However, note that
the loose association did not correlate with differential surface ex-
pression levels of CD3 and TCRpB (Fig. 1A), suggesting that v~
TCR/CD3 complexes contain both TCR and CD3 chains, but that
they are loosely associated and thus less resistant to the immuno-
precipitation procedure. Quantification by densitometry of the bi-
otinylated TCR and CD3 proteins, which inthecase of vy~ T cells
excluded the mature TCRa and ¢ dimers, showed that labeled
TCR and CD3 chains were extinguished from y~ and y* T cells
with similar kinetics (t,,, of 4.9 vs 42 h or 6 h for mature or
immature y* TCR, respectively, and 4.4 vs 5.5 h for CD3). This
indicated that the half-life of the mutant receptor was essentially
normal once it was expressed at the cell surface. That is, consti-
tutive degradation of surface y~ TCR was equivalent to that of
wild-type TCR despite the lack of CD3y.

REGULATION OF y~ TCRs

CD45 RO

A CD3

% BINDING

CHX + BFA

TIME (h)

FIGURE 3. Surface TCR complexes are dependent on synthesis, nor-
mally internalized, and poorly recycled in resting v~ T cells. The effect of
CHX or BFA on the constitutive surface expression of CD3 and CD45RO
iny™ () and y* (M) CD4" T cells was determined by flow cytometry at
different times. Results are given relative to untreated cells. The mean +
SEM of six independent experiments is shown.

In a second set of experiments we explored the relative contri-
bution of synthesis and surface transport of new chains (as com-
pared with internalization and recycling of chains expressed at the
cell surface) to the constitutive TCR surface levels observed in the
absence of CD3y. This was achieved by comparative BFA treat-
ment, which impairs both constitutive endoplasmic reticulum-
Golgi transport (33, 34) and TCR recycling (but not internaliza-
tion, Ref. 3), or by treatment with CHX, which selectively blocks
protein synthesis. The results (Fig. 3) confirmed that, as described
(3), the surface expression of normal y* TCR was relatively syn-
thesis independent. That is, surface y* TCR/CD3 expression lev-
els remained essentially stable in the presence of CHX within the
studied 8-h time period. However, BFA treatment resulted in a
strong, long-lasting partial reduction of TCR membrane levels.
Because surface y* TCR expression was independent of newly
synthesized complexes, this reduction in TCR surface levels can-
not be caused by the reported effect of BFA on anterograde trans-
port from the endoplasmic reticulum to the Golgi compartment.
Rather, it must be caused by the documented capacity of BFA to
induce tubulation and fusion of the trans-Golgi network with early
endosomes (33), which has more recently been shown to affect
TCR endocytic transport and thus recycling (3). Therefore, normal
surface TCR levels are maintained essentially through recycling of
internalized molecules, with marginal contribution from newly
synthesized components. In stark contrast, surface expression of
the mutant y~ TCR fell significantly upon CHX treatment, indi-
cating that it was strongly dependent on synthesis and surface
transport of new chains. Therefore, recycling of internalized com-
plexes was insufficient to maintain membrane vy~ TCR levels in
CHX-treated cells. A possible explanation for this unexpected ef-
fect could be an increased degradation of internalized complexes.
However, impaired return to the cell surface could not be caused
by increased vy~ TCR degradation, as it was shown previously to
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Cell number

TCRB

CD3

FIGURE 4. Intracellular expression of TCR in resting y~ T cells. Per-
meabilized y~ (dashed lines) and y* (solid lines) T cells were stained for
CD3 (UCHT1 in A, APAL/1 in B), or TCRB and CD4 (RPA-T4) and ana
lyzed by confoca microscopy (A) or flow cytometry (B).

be normal (Fig. 2). Rather, re-assembly and/or surface transport of
internalized y~ TCR complexes might be affected. This suggested
that constitutive membrane y~ TCR levels were maintained
mainly through biosynthesis, and only marginally through recy-
cling, despite normal internalization. Accordingly, BFA treatment,
which includes the CHX effect but in addition impairs recycling,
caused only a small additiona drop in surface y~ TCR compared
with CHX (Fig. 3). Expression of CD45R0O, which is relatively
independent of synthesis and recycling, was hardly affected by
CHX or BFA treatment on y~ and y* cells. This demonstrated
that the observed differences were specific for the TCR complex.

Collectively, the results indicated that the reduced constitutive
expression of surface TCR in resting T cells lacking CD3y was
caused, at least in part, by an impaired assembly or surface trans-
port of recycling complexes. In contrast, congtitutive internaization
and degradation were apparently norma despite the absence of CD3y.
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FIGURE 5. Ligand-induced TCR internalization is delayed in y~ T
cells. A, vy~ and y" HVS-transformed T cells, either CD4™ (left) or CD8™
(right), were incubated with anti-CD3 (UCHT1-FITC) or PMA for differ-
ent times. For CD3 internalization (top), cells were then washed and acid-
treated to eliminate cell-surface associated (but not internalized) CD3 flu-
orescence. Results are given relative to untreated cells. The CD3
internalization rate was determined by linear regression analysis and is
expressed as a percentage of the total surface-labeled CD3 that is inter-
nalized per minute. Data represent the mean of two experiments, and the
SD was below 10% in al cases. Representative anti-CD3- (middle) and
PMA-induced (bottom) CD3 down-modulation in y~ and y* T cells are
included for comparison. B, Anti-CD3- and PMA-induced down-regulation
inprimary y~ (from FK) and y" T cells. C, SEB-induced (solid lines) TCR
internalization of purified VB3* y~ and y* HV S-transformed T cells com-
pared with unstimulated cells (dashed lines).

The reduced externalization and preserved internalization and
degradation of surface TCR observed in y~ T cells could lead to
an increase in the pool of intracellular TCR and CD3 chains. This
possibility was assessed qualitatively by confocal microscopy and
quantitatively by flow cytometry (Fig. 4). The results showed that
cytoplasmic staining was at least equivalent (TCRp) or slightly
increased (CD3) in y~ T cells (compare Fig. 4B with Fig. 1A).
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FIGURE 6. Entry of engaged TCR complexes into early endosomes is delayed in y~ T cells. CD4" T cells were incubated for 30 min with anti-CD3
(UCHTZ, 1gG1) at 37°C (or 4°C for time 0), washed, and incubated in medium for different times at 37°C. Rhodamine-labeled transferrin (Tf) was added
for the last 15 min. Cells were then fixed, permeabilized, stained with FITC-coupled anti-lgG1-specific second Ab, anti-CD63 (1B5, 1gG2b) mAb, and
anti-1gG2b-specific Texas Red-labeled second Ab, and analyzed by confocal microscopy. FITC (CD3) and rhodamine (Tf, in B) or Texas Red (CD63, in
A) emissions were acquired separately. The images show a medial optical section of representative y~ (right) and y* (left) T cells at the indicated times.
Areas of colocalization appear yellow in the computer-generated composite image, with the respective percentages indicated in white numbers. C,
Colocalization kinetics of CD3 and Tf (early endosomes) or CD63 (lysosomes), respectively, in y~ vs y* T cells.

TCR dynamics in PMA- or ligand-stimulated y~ T cells

Ligand binding dramatically alters TCR intracellular trafficking by
blocking recycling and increasing degradation, resulting in down-
modulation. We have previously reported that vy~ T cells from
DSF down-modulated their TCR complex upon anti-CD3, but not
PMA, treatment (23, 25), although less efficiently than y* T cells
(Fig. 5A, middle and bottom). Thisis also the case for the unrelated

v~ primary T cells from FK (Fig. 5B). As anti-CD3 mAb isnot a
physiological ligand for the TCR, it was important (with relevance
to the patients) to establish whether Ag- or superantigen-induced
TCR down-modulation was affected. Stimulus with SEB on puri-
fied VB3™ T cells (Fig. 5C) confirmed that y~ T cells could down-
modulate their TCR in response to superantigen as well as anti-
CD3. Therefore, mature T cells lacking CD3y offered an
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FIGURE 7. Re-expression of surface TCR/CD3 complexes is impaired
iny” Tcels. y andy* T cells, either CD4* (left) or CD8™ (right), were
incubated with anti-CD3 for 24 h to induce complete surface TCR down-
regulation (see Fig. 5A). After washing, CD3 re-expression was monitored
at different time points by flow cytometry (Leud). The results are given
relative to cells kept under anti-CD3 treatment.

opportunity to explore the relative contribution of this chain to the
intracellular fate of bound TCR. The internalization rate of anti-
CD3-engaged TCR was first studied by flow cytometry as de-
scribed in Materials and Methods (Fig. 5A, top). The results indi-
cated that stimulated y~ T cells can internalize the mutant TCR
complex, abeit at a slower rate than y* T cells (0.18 vs 0.78%/
minuteinaCD4™" T cdll line, and 0.15 vs 0.8%/minute in aCD8™
T cell line). Next, the intracellular fate of engaged TCR ensembles
was followed intracellularly by confocal microscopy and colocal-
ization studies, with transferrin used to mark early endosomes
(Tf™) and anti-CD63 to mark the late endosomal and lysosomal
compartments (35) involved in degradation (CD63™, Fig. 6). The
results confirmed that engaged y~ T cells can internalize bound
TCR complexes and deliver them to early endosomes first (Fig.
6B), and later on to degradation compartments (Fig. 6A). Once
again, the kinetics were delayed as compared with y™ T cells (see
Fig. 6C for quantitative colocalization comparisons). It is of note
that amutant TCR cap still lingers on the cell surfaceof vy~ T cells
30 min or even 1 h after stimulus, times when in y* T cells sig-
nificant amounts of the normal complex are aready internalized
(Fig. 6B). At later time points (i.e., 4 h), the normal complex leaves
transferrin-containing endosomes and colocalizes with the late en-
dosomal/lysosomal compartment (CD63™"), whereas the mutant re-
ceptor is still significantly colocalized with transferrin and only
partially located in late endosomes. However, finaly the mutant
TCR complex seems to catch up (Fig. 6C), suggesting that only
early ligand-induced endocytosisisimpaired rather than later entry
into the degradative pathway. TCR degradation by vy~ T cells after
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ligand binding was also observed by surface biotinylation, acid
treatment, and immunoprecipitation (data not shown). Therefore,
congtitutive (Fig. 2) as well as ligand-induced TCR degradation
was independent of the CD3vy chain.

Because ligand binding finally down-regulated most TCR com-
plexes from the y~ T cell surface and targeted them for degrada-
tion, it offered the chance of analyzing TCR re-expression, which
in normal T cells can take place initialy only through new syn-
thesis and surface transport and later on mostly through recycling.
The results (Fig. 7) confirmed those obtained by CHX treatment of
resting T cells (Fig. 3), namely that TCR re-expression was im-
paired selectively in y~ T cells, most likely because of impaired
TCR assembly or surface transport of recycling complexes.

Discussion
Our results indicate that CD3y contributes to, but is not absolutely
required for, the cell surface expression and intracellular traffick-
ing of TCR complexes both in resting and in ligand-stimulated T
lymphocytes (Fig. 8). Indeed, lack of CD3y clearly impairs the
most significant metabolic steps of constitutive TCR output,
namely assembly and surface transport of internalized complexes
as shown by two independent assays (CHX treatment, Fig. 3; and
re-expression, Fig. 7). As a consequence, most surface y~ TCR
was constitutively provided by synthesis of new chains rather than
by recycling of expressed ones. This suggests that the biosynthetic
pathway is more permissive than the recycling pathway for incom-
plete complexes. The impaired recycling may explain the lower
surface TCR levelsseeninresting vy~ T cells (Figs. 1 and 6A) and
correlates with an impaired maturation of TCR chains (Fig. 2A)
and the intracellular accumulation of TCR chains. Thiswas shown
consistently by intracellular staining (Fig. 4B, Ref. 22) and meta-
bolic labeling experiments (22). Immunoprecipitation experiments
showed that vy~ CD3 complexes (6e dimers) are poorly associated
to TCR and ¢ dimers as compared with y* CD3 complexes (Figs.
1B and 2A). The contribution of CD3y to TCR assembly or mem-
brane transport, and thus to constitutive surface TCR expression,
may map to the extracellular or transmembrane domains, because
it has been shown that a partially truncated or even atailless CD3y
(or 8, Ref. 36) can rescue normal TCR expression in human or
murine T lineage cells (14, 17, 24).

The specific steps affected by the lack of CD3y may not be
equivalent in resting vs activated T cells. For instance, the lack of
CD3y does not seem to affect constitutive TCR internalization

Unstimulated Ligand PMA
TCR.CD3 TCR.CD3 TCR.CD3
4 {2 | A o1y O (RSt |
1O OO CHN e, O
i e'l‘le(::!:o:l]:egs en;au‘:l}{ms i e];'le;).fommngs engcl.{-es ‘i e::;:;po:;gs eng:ﬁ(nes
syntilesis ? i syntl:lesis ! * synt#lesls':‘ ;
Golgi/ER.  lysosomes Golgi/ ER.  lysosomes Golgi/ER.  lysosomes

FIGURE 8. Proposed contribution of CD3y to TCR dynamics. The impaired (- - -|) or blocked (—]) steps affected in y~ T cells are indicated in this
simplified model of TCR dynamics in resting or activated T cells (adapted from Ref. 2).
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(Figs. 2 and 3), whereas ligand-induced (Figs. 5 and 6) or PMA-
induced (Fig. 5A) TCR internalization are delayed or absent,
respectively (Fig. 8). Constitutive or ligand-induced entry into
degradative compartments, however, seem to be CD3y inde-
pendent (Figs. 2 and 6). These results are consistent with the
notion that TCR internalization is regulated differently in rest-
ing vs Ag-stimulated T lymphocytes, as reported in a very re-
cent study (5). These results are also consistent with the re-
quirement of a CD3vy leucine-based internalization motif for
efficient ligand-induced TCR down-regulation (9), as well as
with the participation of invariant chains other than CD3y in
this process (3, 10-12, 14, 37). Ligand-induced TCR down-
regulation is believed to involve both protein kinase C/CD3y-
dependent and protein kinase C-independent activation path-
ways (9). Our dataindicate that the latter are sufficient to induce
TCR down-regulation, although the former are required for full
down-regulation.

Our results seem to be in conflict with the proposed critical role
of a CD3y motif in constitutive TCR internalization (4, 5). How-
ever, those experiments were performed with y~ Jurkat mutant
cells (JGN) that were originally selected for nonexpression of the
TCR (Fig. 1A). The role of CD3y is difficult to address before
transfection in these cells. Because human (20) and murine (21)
v~ mature T cells show abundant surface TCR expression, JGN
may potentially harbor additional mutations affecting TCR surface
transport dynamics. Indeed, JGN-derived transfectants with or
without an intact CD 3y leucine-based internalization motif, but not
a newly derived mutant termed E3, showed equivalent ligand-in-
duced TCR down-regulation, which the authors interpreted as
proof that JGN carries an additional defect in TCR regulation (9).
Also, in contrast with natural y~ T cells (Fig. 1C, top and middle),
reconstitution of JGN or E3 with expression vectors encoding
CD3y did not recover full surface TCR expression, suggesting that
additional transport defects were present in the latter (Refs. 9 and
38 and Fig. 1C, bottom). It would be interesting to study mutants
selected for low rather than absent TCR surface expression.

Ag-induced TCR down-modulation may be an important mech-
anism to attenuate TCR-mediated signaling after recognition, as
promoting it impairs T cell restimulation (4, 8, 39) and blocking it
enhances T cell activation (40, 41). y~ T cells show a slightly
impaired ligand-induced down-modulation, probably because of a
delayed internalization step (Figs. 5 and 6). However, TCR-mediated
signaling was not enhanced. Rather, it was either norma or impaired,
depending on the response (2024, 42). This discrepancy may be
caused by the signaling role of CD3y itself, and therefore requires
further clarification by transfection of truncated CD3y chains that re-
store normal TCR dynamics (24). It could be argued that vy~ T cells
may express the TCR because of extraordinary receptor dynamics
imposed by intrathymic selection constraints. However, CD3y trans-
duction in natural y~ T cells from two unrelated individuas resulted
in the restoration of normal constitutive surface TCR, not overexpres-
sion (Fig. 1C). The fact that murine vy~ or 8-deficient mature T cells
can also express significant surface TCRaB levels supports a certain
redundancy between these homologous CD3 chains, as shown in pre-
vious phylogenetic studies (43). Also, the recent demonstration of the
unexpected absence of CD36 from TCRy8 complexes (44) further
suggests that TCR ensembles are very flexible structures.

In summary, using different y~ T cell lines, we have shown in
this study that the TCR can be congtitutively synthesized, ex-
ported, internalized, and degraded, but not recycled, in the absence
of CD3y, probably causing its reduced surface levels. Once en-
gaged, early endocytosis was delayed, although down-modulation
and degradation finally took place (Fig. 8). TCR re-expression af-
ter down-modulation was aso reduced, pointing again to a defect

REGULATION OF y~ TCRs

in assembly and surface transport during recycling. Therefore,
CD3y improves but is not absolutely required for TCR regulation.
Such improved regulation may be crucia for survival, as dramat-
icaly illustrated by the case of a y~ patient who died before his
third birthday with severe combined immunodeficiency syndrome
(45). However, his y~ brother (DSF) and an unrelated y~ indi-
vidual (FK) are presently healthy and in their teens (26), suggest-
ing a certain redundancy among CD3 chains (46). The reasons for
this clinical variability are not understood at present. They are
independent of TCR expression levels, because al three v~ indi-
viduals showed a similar surface TCR phenotype (Fig. 1A, and
Ref. 47). But they could be caused by the existence of undefined
modifying genes in these individuals, as shown in other immuno-
deficiencies (48).

Acknowledgments

We greatly appreciate the generous supply of Leu4 mAb from Dr. B.
Alarcon (CBM Severo Ochoa, Madrid, Spain), and of rIL-2 from Dr. Craig
W. Reynolds (Frederick Cancer Research and Development Center, Na-
tional Cancer Institute, Frederick, MD). We also thank B. Rubin (Unité de
Physiopathologie Cellulaire et Moléculaire, Centre Hospitalier Universi-
taire, Purpan, Toulouse, France) for helpful discussions, cells, and re-
agents; A. Dautry Varsat (Unité de Biologie des Interactions Cellulaires,
Institut Pasteur, Paris, France) and Prof. M. L. Toribio (CBM Severo
Ochoa, Madrid, Spain) for critical reading of the manuscript; and N. Rossi
(Universidad Complutense, Madrid), V. G. de Y é&benes (CBM, Madrid),
and A. Orfao (Centro de Investigacion del Cancer, Sdamanca, Spain) for
technical assistance. Drs. L. Vderie and N. Taylor (Institut de Genetique Mo-
leculaire, Montpellier, France) generoudly provided critical reagents (LZRS-
EGFP retroviral vector and a producer PG13 clone), advice, and helpful hints.

References

1. Weiss, A., and D. R. Littman. 1994. Signal transduction by lymphocyte antigen
receptors. Cell 76:263.

2. Alcover, A., and B. Alarcon. 2000. Internalization and intracellular fate of TCR-
CD3 complexes. Crit. Rev. Immunol. 20:325.

3. Liu, H., M. Rhodes, D. L. Wiest, and D. A. Vignali. 2000. On the dynamics of
TCR:CD3 complex cell surface expression and downmodulation. Immunity. 13:665.

4. Dietrich, J., X. Hou, A. M. Wegener, L. O. Pedersen, N. Odum, and C. Geisler.
1996. Molecular characterization of the di-leucine-based internalization motif of
the T cell receptor. J. Biol. Chem. 271:11441.

5. Dietrich, J., C. Menne, J. P. Lauritsen, M. von Essen, A. B. Rasmussen, N. Odum,
and C. Geisler. 2002. Ligand-induced TCR down-regulation is not dependent on
congtitutive TCR cycling. J. Immunol. 168:5434.

6. Vdlitutti, S., S. Muller, M. Sdio, and A. Lanzavecchia. 1997. Degradation of
T-cell receptor (TCR)-CD3-¢ complex after antigenic stimulation. J. Exp. Med.
185:1859.

7. Di Fiore, P. P., and G. N. Gill. 1999. Endocytosis and mitogenic signaling. Curr.
Opin. Cell Biol. 11:483.

8. Valitutti, S., S. Miller, M. Dessing, and A. Lanzavecchia. 1996. Signa extinction
and T-cell repolarization in T helper cell-antigen-presenting cell conjugates. Eur.
J. Immunol. 26:2012.

9. von Essen, M., C. Menne, B. L. Nielsen, J. P. Lauritsen, J. Dietrich,
P. S. Andersen, K. Karjalainen, N. Odum, and C. Geisler. 2002. The CD3y
leucine-based receptor-sorting motif is required for efficient ligand-mediated
TCR down-regulation. J. Immunol. 168:4519.

10. Lauritsen, J. P., M. D. Christensen, J. Dietrich, J. Kastrup, N. Odum, and
C. Geisler. 1998. Two distinct pathways exist for down-regulation of the TCR.
J. Immunol. 161:260.

11. Luton, F., M. Buferne, V. Legendre, E. Chauvet, C. Boyer, and A. M. Schmitt-
Verhulst. 1997. Role of CD3y and CD38 cytoplasmic domains in cytolytic T lym-
phocyte functions and TCR/CD3 down-modulation. J. Immunol. 158:4162.

12. Legendre, V., A. Guimezanes, M. Buferne, M. Barad, A. M. Schmitt-Verhulst,
and C. Boyer. 1999. Antigen-induced TCR-CD3 down-modulation does not re-
quire CD38 or CD3y cytoplasmic domains, necessary in response to anti-CD3
antibody. Int. Immunol. 11:1731.

13. Menne, C., S. T. Moller, V. Siersma, M. von Essen, N. Odum, and C. Geisler.
2002. Endo- and exocytic rate constants for spontaneous and protein kinase C-
activated T cell receptor cycling. Eur. J. Immunol. 32:616.

14. Niedergang, F., E. San Jose, B. Rubin, B. Alarcon, A. Dautry-Varsat, and
A. Alcover. 1997. Differential cytosolic tail dependence and intracellular fate of
T-cell receptors internalized upon activation with superantigen or phorbol ester.
Res. Immunol. 148:231.

15. Minami, Y., L. E. Samelson, and R. D. Klausner. 1987. Internalization and cy-
cling of the T-cell antigen receptor: role of protein kinase C. J. Biol. Chem.
262:13342.

16. Krangel, M. S, M. Al-Haideri, B. Pernis, C. R. Cantor, and C. Y. Wang. 1987.
Endocytosis and recycling of the T3-T cell receptor complex. J. Exp. Med. 165:1141.

0202 ‘ZT Yo N uo Alun adsnsdeH e /610" jounwiw i mmmy/:dny wody pepeojumoq


http://www.jimmunol.org/

The Journa of Immunology

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Dietrich, J., J. Kastrup, B. L. Nielsen, N. Odum, and C. Geisler. 1997. Regulation
and function of the CD3y DxxxLL motif: abinding site for adaptor protein-1 and
adaptor protein-2 in vitro. J. Cell Biol. 138:271.

Dietrich J, X. Hou, A. M. K. Wegener, and C. Geisler. 1994. CD3y contains a
phosphoserine-dependent di-leucine motif involved in down-regulation of the T
cell receptor. EMBO J. 13:2156.

Geidler, C. 1992. Failure to synthesize the CD3-y chain: consequences for T cell
antigen receptor assembly, processing, and expression. J. Immunol. 148:2437.
Perez-Aciego, P., B. Alarcon, A. Arnaiz-Villena, C. Terhorst, M. Timon,
O. G. Segurado, and J. R. Regueiro. 1991. Expression and function of a variant
T cell receptor complex lacking CD3y. J. Exp. Med. 174:319.

Haks, M. C., P. Krimpenfort, J. Borst, and A. M. Kruisbeek. 1998. The CD3y
chain is essential for development of both the TCRaf and TCRyS lineages.
EMBO J. 17:1871.

Zapata, D. A., A. Pacheco-Castro, P. S. Torres, A. R. Ramiro, E. S. Jose,
B. Alarcon, L. Alibaud, B. Rubin, M. L. Toribio, and J. R. Regueiro. 1999.
Conformational and biochemical differences in the TCR.CD3 complex of CD8"
versus CD4" mature lymphocytes revealed in the absence of CD3y. J. Biol.
Chem. 274:35119.

Pacheco-Castro, A., D. Alvarez-Zapata, P. Serrano-Torres, and J. R. Regueiro.
1998. Signaling through a CD3y-deficient TCR/CD3 complex in immortalized
mature CD4" and CD8" T lymphocytes. J. Immunol. 161:3152.

Haks, M. C., T. A. Cordaro, J. H. van den Brakel, J. B. Haanen, E. F. de Vries,
J. Borgt, P. Krimpenfort, and A. M. Kruisbeek. 2001. A redundant role of the
CD3y-immunoreceptor tyrosine-based activation motif in mature T cell function.
J. Immunol. 166:2576.

Rodriguez-Gallego, C., A. Corell, A. Pacheco, M. Timon, J. R. Regueiro,
L. M. Allende, A. Madrofio, and A. Arnaiz-Villena. 1996. Herpes virus saimiri
transformation of T cellsin CD3y immunodeficiency: phenotypic and functional
characterization. J. Immunol. Methods 198:177.

Zapata, D. A., A. Pacheco-Castro, P. S. Torres, R. Millan, and J. R. Regueiro.
2000. CD3 immunodeficiencies. Immunol. Allergy Clin. North Am. 20:1.
Yssel, H., R. de Waal Malefyt, M. D. Duc Dodon, D. Blanchard, L. Gazzolo,
J. E. de Vries, and H. Spits. 1989. Human T cell leukemia/lymphoma virus type
I infection of a CD4* proliferative/cytotoxic T cell clone progresses in at least
two distinct phases based on changes in function and phenotype of the infected
cells. J. Immunol. 142:2279.

Dardalhon V., N. Noraz, K. Pollok, C. Rebouissou, M. Boyer, A. Q. Bakker,
H. Spits, and N. Taylor. 1999. Green fluorescent protein as a selectable marker of
fibronectin-facilitated retroviral gene transfer in primary human T lymphocytes.
Hum. Gene Ther. 10:5.

Movassagh, M., O. Boyer, M. C. Burland, V. Leclercg, D. Klatzmann, and
F. M. Lemoine. 2000. Retrovirus-mediated gene transfer into T cells: 95% trans-
duction efficiency without further in vitro selection. Hum. Gene Ther. 11:1189.
Duprez, V., M. Ferrer, V. Cornet, D. Olive, and A. Dautry-Varsat. 1991. Mod-
ulation of interleukin 2 internalization and interleukin 2-dependent cell growth by
antireceptor antibodies. J. Biol. Chem. 266:1497.

Niedergang, F., A. Hemar, C. R. Hewitt, M. J. Owen, A. Dautry-Varsat, and
A. Alcover. 1995. The Staphylococcus aureus enterotoxin B superantigen in-
duces specific T cell receptor down-regulation by increasing its internalization.
J. Biol. Chem. 270:12839.

Rubin, B., R. Llobera, C. Gouaillard, A. Alcover, and J. Arnaud. 2000. Dissection
of the role of CD3y chains in profound but reversible T-cell receptor down-
regulation. Scand. J. Immunol. 52:173.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

47.

5955

Lippincott-Schwartz, J., L. Yuan.,, C. Tipper., M. Amherdt., L. Orci., and
R. D. Klausner. 1991. Brefeldin A’s effects on endosomes, lysosomes, and the
TGN suggest a general mechanism for regulating organelle structure and mem-
brane traffic. Cell. 67:601.

. Wood., S. A., J. E. Park., and W. J. Brown. 1991. Brefeldin A causes a micro-

tubule-mediated fusion of the trans-Golgi network and early endosomes. Cell.
67:591.

Metzelaar, M. L., P. L. J. Wijngaard, P. J. Peters, J. J. Sixma, H. K. Nieuwenhuis,
and H. C. Clevers. 1991. CD63 antigen: a novel lysosoma membrane glycop-
rotein, cloned by a screening procedure for intracellular antigens in eukaryotic
cells. J. Biol. Chem. 266:3239.

Delgado, P., E. Fernandez, V. Dave, D. Kappes, and B. Alarcon. 2000. CD33
couples T-cell receptor signalling to ERK activation and thymocyte positive se-
lection. Nature. 406:426.

Borroto, A., J. Larna, F. Niedergang, A. Dautry-Varsat, B. Alarcon, and
A. Alcover. 1999. The CD3e subunit of the TCR contains endocytosis signals.
J. Immunol. 163:25.

Sun, J. Y., A. Pacheco-Castro, A. Borroto, B. Alarcon, D. Alvarez-Zapata, and
J. R. Regueiro. 1997. Construction of retroviral vectors carrying human CD3y cDNA
and recongtitution of CD3y expression and T cell receptor surface expression and
function in a CD3y-deficient mutant T cell line. Hum. Gene Ther. 8:1041.
O’Hehir, R. E., and J. R. Lamb. 1990. Induction of specific clona anergy in
human T lymphocytes by Staphylococcus aureus enterotoxins. Proc. Natl. Acad.
ci. U.SA. 87:8884.

Andre, P., J. Boretto, A. O. Hueber, A. Regnier-Vigouroux, J. P. Gorvel,
P. Ferrier, and P. Chavrier. 1997. A dominant-negative mutant of the Rab5 GT-
Pase enhances T cell signaling by interfering with TCR down-modulation in
transgenic mice. J. Immunol. 159:5253.

Naramura, M., I. Jang, H. Kole, F. Huang, D. Haine, and H. Gu. 2002. c-CBI and
Chl-b regulate T cell responsiveness by promoting ligand-induced TCR down-
regulation. Nat. Immunol. 3:1192.

Torres, P. S, D. Zapata, A. Pacheco-Castro, J. L. Rodriguez-Fernandez, C. Ca-
bafias, and J. R. Regueiro. 2002. Contribution of CD3y to TCR regulation and
signaing in human mature T lymphocytes. Int. Immunol. 14:1357.

Gobel, T. W. F., and J. P. Daugay. 2000. Evidence for a stepwise evolution of the
CD3 family. J. Immunol. 164:619.

. Hayes, S. M., K. Laky, D. El-Khoury, D. J. Kappes, B. J. Fowlkes, and

P. E. Love. 2002. Activation-induced modification in the CD3 complex of the y8
T cell receptor. J. Exp. Med. 196:1355.

Arnaiz-Villena, A., M. Timon, A. Corell, P. Perez-Aciego, J. M. Martin-Villa,
and J. R. Regueiro. 1992. Brief report: primary immunodeficiency caused by
mutations in the gene encoding the CD3y subunit of the T-lymphocyte receptor.
N. Engl. J. Med. 327:529.

Malissen, B., L. Ardouin, S. Y. Lin, A. Gillet, and M. Malissen. 1999. Function
of the CD3 subunits of the pre-TCR and TCR complexes during T cell devel-
opment. Adv. Immunol. 72:103.

Regueiro, J. R., M. Lopez-Botet, M. O. de Landazuri, J. Alcami, A. Corell,
J. M. Martin-Villa, J. L. Vicario, and A. Arnaiz-Villena. 1987. An in vivo func-
tional immune system lacking polyclonal T-cell surface expression of the CD3/
Ti(WT31) complex. Scand. J. Immunol. 26:699.

. Foster C. B., T. Lehrnbecher, F. Mol, S. Steinberrg, D. Venzon, T. Walsh,

D. Noack, J. Rae, J. Winkelstein, J. T. Curnutte, and S. J. Chanock. 1998. Poly-
morphism in host defense molecules influence the risk for immune-mediated
complications in chronic granulomatous disease. J. Clin. Invest. 102:2146.

0202 ‘ZT Yo N uo Alun adsnsdeH e /610" jounwiw i mmmy/:dny wody pepeojumoq


http://www.jimmunol.org/

