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Abstract

The CD8 co-receptor contributes to the recognition of peptide-MHC (pMHC) ligands by stabilizing
the TCR-pMHC interaction and enabling efficient signaling initiation. It is unclear though, which
structural elements of the TCR ensure a productive association of the co-receptor. The a-chain
connecting peptide motif (a-CPM) is a highly conserved sequence of eight amino acids in the
membrane proximal region of the TCR a-chain. TCRs lacking the a-CPM respond poorly to low-
affinity pMHC ligands and are unable to induce positive thymic selection. Here we show that CD8
participation in ligand binding is compromised in T lineage cells expressing mutant o-CPM TCRs,
leading to a slight reduction in apparent affinity; however, this by itself does not explain the thymic
selection defect. By fluorescence resonance energy transfer (FRET) microscopy, we found that TCR-
CD8 association was compromised for TCRs lacking the a-CPM. While high-affinity (negative-
selecting) pMHC ligands showed reduced TCR-CD8 interaction, low-affinity (positive-selecting)
ligands completely failed to induce molecular approximation of the TCR and its' co-receptor.
Therefore, the TCR's a-CPM is an important element in mediating CD8 approximation and signal
initiation.
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Introduction

Upon binding a peptide-MHC ligand, the of T-cell receptor complex initiates an intracellular
signal; when a T-cell or thymocyte accumulates a sufficient number of TCR and other signals,
acellular response is induced. An important element in TCR signal initiation is the co-receptor,
either CD4 or CD8. These co-receptors bind to MHC class I1 or class | molecules, respectively
(1-4). The co-receptor binding site on an MHC molecule is distinct from its' peptide-binding
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domain and therefore doesn't interfere with TCR binding (5). By binding to the same MHC
molecule as the TCR (6), the co-receptor increases the overall-affinity of TCR-pMHC binding
(7,8). Moreover, the CD4 and CD8 co-receptors are important for signal initiation due to their
association with the tyrosine kinase, Lck (9), which is required for critical early eventsin TCR
signaling (10-12). Lck phosphorylates the ITAMs of the CD3 molecules within the TCR
complex, especially those of CD3( (13). Moreover, Lck phosphorylates tyrosine residues on
the syk family kinase, Zap-70 (14), thereby increasing Zap-70's enzymatic activity (15). These
are. Therefore the co-receptor has an important function in coupling ligand binding with the
initiation of signal transduction.

While high-affinity TCR-pMHC interactions exhibit some degree of CD8 independence, lower
affinity interactions (Kp values >3uM) require CD8 for antigen recognition (16). In the absence
of CD8 binding to pMHC, primary CD8 T-cells fail to form conjugates with APCs, even in
the presence of high concentrations of antigenic peptide (17). In this context, the CD8af3
heterodimer, but not the CD8ao. homodimer significantly increases the avidity of TCR-
mediated ligand recognition, as measured by binding to soluble monomeric pMHC (18). The
same study suggests that CD8p facilitates TCR signal induction not only by increasing the
avidity of TCR-ligand binding, but also by docking TCR/CD3 to glycolipid-enriched
microdomains (GEMs).

During thymocyte development, the ability of the TCR to read ligand affinity plays an
important role in establishing a self-tolerant T-cell repertoire (19,20). Pre-selection
CD4*CD8* double positive (DP) thymocytes expressing a MHC | restricted TCR, respond to
self-antigens by differentiating into mature CD8* single positive (SP) thymocytes, if the
apparent affinity of TCR-CD8 / pMHC binding is below a discrete threshold (Kp > 6 uM)
(21). On the other hand, pre-selection DP thymocytes, whose TCRs bind self pMHC antigen
with an apparent affinity above the selection threshold (Kp < 6 uM) initiate apoptosis and fail
to develop into mature T lineage cells (21). In this way, overtly self-reactive T-cells are
removed (negatively selected) from the developing T-cell repertoire. The co-receptors play an
important role in the selection outcome (22,23). For example, CD8p deficient mice select
severely reduced numbers of MHC | restricted cytotoxic T-cells (24,25).

Exactly how the co-receptor and TCR interact to initiate distinct signals with defined cellular
consequences is not completely understood. The TCR a-chain contains an evolutionarily
conserved motif in its constant region, termed the a-chain connecting peptide motif (a-CPM).
Mutations in this conserved membrane proximal motif (FETDXNLN) promote
unresponsiveness to antigenic stimuli (26) and defects in positive selection; interestingly,
negative selection with an agonist ligand was unaffected (27,28). TCR/CD3 complexes where
the a-CPM has been substituted with amino acids from the TCR& membrane proximal domain
exhibit a reduced association with the CD35 subunit (27). Interestingly, thymocytes from
CD35 deficient mice are defective in undergoing positive selection as well, implying a role of
CD3s in linking TCR and co-receptor molecules (29). Finally, a-CPM deficient TCRs bind
agonist ligands as well as wild type TCRs, but cannot cooperate with CD8 to increase ligand
binding (30). This further supports the idea that the a-CPM may mediate a molecular interaction
between CD8 and the TCR, either directly or via CD33.

In order to directly measure the role of the a-CPM in the TCR-CD8 interaction, we measured
FRET between fluorescently tagged CD3( (of the TCR complex) and CD8p (31,32). We used
awell-defined set of peptides, inducing positive or negative selection of thymocytes expressing
the OT-1 TCR (33) to assess the role of the a-CPM in mediating an interaction between
CD3¢ and CD8B. In T-cell hybridomas expressing either a wildtype or a-CPM mutant OT-I
TCR, CD3(¢-CD8p interactions within the immunological synapse (34) varied in both intensity
and time. While negative selecting peptides induced fast and sustained FRET signals in
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hybridomas expressing the wildtype OT-1 TCR, positive selecting peptides induced markedly
delayed and weaker FRET signals. T-cell hybridomas expressing a-CPM deficient TCRs
exhibited diminished and delayed CD3(-CD8p interactions in response to negative selecting
peptides. Strikingly, positive selecting peptides did not induce detectable CD3(-CD8p
interactions, even though both TCR/CD3 complexes and CD8 molecules were efficiently
recruited to the synapse. Since the a-CPM is located in the constant domain of every TCR and
does not interfere with the TCR's specificity (30), we suggest a role for the a-CPM in translating
low affinity TCR-pMHC binding across the plasma membrane by ensuring a close association
of the co-receptor to the TCR.

Materials and Methods

Peptides and antibodies

OVA variant peptides were synthesized and purified as described (20) (35) and had the
following affinity hierarchy for the OT-1 TCR: OVA > Q4 > Q4R7 > T4 > Q4H7 > G4 > E1
>> VSV (33). Anti-CD8p (53-5.8), anti-H-2KP (AF6-88.5), anti-TCRp (H57-597), anti-Vo2
(B20.1), capturing anti-mIL-2 (JES6-1A12) and detecting anti-mIL-2-biotin (JES6-5H4) are
from BD Biosciences. Rabbit monoclonal anti-GFP is form Epitomics, mouse monoclonal
anti-GFP is from Santa Cruz Biotechnology, anti-phospotyrosine (4G10) is from Upstate.

DNA Constructs

The OT-I TCR comprises rearranged TCRa (Va2-Ja26) and TCRp (Vp5-DB2-Jp2.6) chains
and is derived from the KP-restricted, OVAs7_o64-specific CTL clone, 149.42 (36). The
cDNAs encoding the OT-la. and OT-If wildtype chains were recovered by standard PCR
techniques from retroviral vectors described earlier (37) and ligated into the BamHI and Xhol
sites of the lentiviral expression vector pTRIPAU3EF1oEGFP (N. Taylor, Montpellier),
replacing the BamHI-EGFP-Xhol fragment. Resulting plasmids were referred to as
pTRIPAU3EF1a-OTla and pTRIPAU3EF1a-OTIp, respectively. cDNAs encoding the OT-I
TCR a8 chimeras were constructed using the previously described Il and IV chimeric cDNAs
(26) encoding the 3BBBM74 TCR (38). The Spel-Xhol fragment of pTRIPAU3EF1a-OTla was
replaced by the corresponding fragment from the all or alV chimeric a-chain. Similarly, the
OT-1By chimera Il was constructed by replacing the Xbal-Xhol fragment of
pTRIPAU3EF1a-OTIB with the corresponding chimeric Il fragment (26). The CD8B-YFP
(32) and CD3C-CFP (31) constructs have been described.

Fetal thymic organ culture

Fetal thymic organ culture (FTOC) was performed as described (19). In brief, thymic lobes
were excised from OT-1 Rag—/— 2m —/— transgenic mice at a gestational age of day 15.5.
FTOCs included exogenous p2m (5ug/ml) and peptide (2uM for negative-selecting peptides
and 20uM for positive selecting ligands). After 7 days of culture, thymocytes were subjected
to flow cytometry analysis.

Ligand binding

Tetramer binding studies were performed as described (33). In brief, DP thymocytes from OT-
I Rag—/— B2m—/— mice were stained with fluorescently labeled tetramers and Kp values were
determined by nonlinear regression analysis of the mean fluorescence intensities. Differences
related to the replacement of the a-CPM (AKp) were calculated as ratios between the a-CPM
and the OT-1 wildtype Kp values. Monomer binding studies were performed as described
(21). In brief, the ratio r of free TCR was determined by two-step photoaffinity labeling of DP
thymocytes from T1 Rag—/— 2m—/— mice. Ligand concentration-dependent binding curves
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were analyzed by nonlinear regression and Kp values were determined. AKp values were
calculated between the a-CPM and the TM control Kp values.

Supernatants of Phoenix packaging cells (G. Nolan, UK) were used to transduce the TCR/CD8-
deficient hybridoma 58 (39) sequentially with constructs for CD8a CD8p-YFP and CD3(-CFP.
Resulting hybridomas were sorted for high CFP and YFP expression. To introduce the wild-
type or chimeric OT-I a chains and the wild-type or chimeric OT-I B chains, CaCl,-based
transfection of 293T cells was used to produce lentiviral supernatants for subsequent
transduction.

Transduced hybridomas were FACS-sorted for similar TCR expression among wildtype,
mutant a-CPM and TM control hybridomas. All cells were grown in RPMI supplemented with
4% FCS, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin, and 50 uM -
mercaptoethanol.

An Olympus 1X81 inverted microscope was used in this study. A triggered F-Viewll camera
was attached to the microscope and the MT20 illuminator with a 150W Xenon lamp (Olympus).
The system was run by CellR software (Olympus). Optical filter cubes on an automated turret
were used to change excitation and emission corresponding to the various channels. The filter
cubes had the following spectral alignments (center/bandpass): YFP excitation, 500/20 nm;
YFP emission, 535/30 nm; CFP excitation, 436/20 nm; CFP emission, 480/40 nm. The FRET
filter cube was a combination of the CFP excitation filter and the YFP emission filter.
Beamsplitting was achieved with a 455 nm long pass dichroic mirror in the CFP filter cube
and with a 515 nm long pass dichroic mirror in the YFP and FRET filter cubes. A 60x, 1.4—
numerical aperture oil objective was used.

FRET and recruitment analysis

For CFP and YFP, the efficiency of energy transfer is greater than 50% within the Forster
Radius Rg of 4.9 5.2 nm and approximates zero beyond 2x Rq (~10nm). Crosstalk coefficients
of CFP fluorescence into the FRET channel (=d) and YFP into the FRET channel (=a) were
calibrated using hybridomas transduced with either CD3(-CFP or CD8pB-YFP alone. For the
specified filter cubes they were d=36.8% and a=18.1%. For each image, the CFP, YFP and
FRET channel was acquired using the 3 specified filter cubes. Background was subtracted as
averaged signal from a user-specified, cell-free region of each image. To calculate the FRET
efficiency the following formula was used: E = (FRET —a - CFP —d - YFP)/(FRET —a - CFP
—d- YFP + G - CFP), which was described earlier (31) (40). G is the independently calibrated
ratio of sensitized emission in the FRET channel before photobleaching to donor recovery in
the CFP channel after acceptor photobleaching (41). For the imaging system used here, G =
1.7 £0.1. FRET efficiencies were calculated from hybridoma:APC interfaces. For illustration,
the ImageJ software was used and calculated FRET efficiency images were illustrated in
pseudo-colors. Statistical analysis of E was performed using Student's two-sample t-test
assuming two-tailed distribution and unequal variance. The recruitment of fluorescently tagged
proteins to the synapse was calculated as background-corrected ratio of the MFI of the synapse
region divided by the MFI of a user-defined membrane region, outside of the synapse.

APC peptide loading

Tap2 deficient RMA-S cells (42) were loaded with exogenous OV A peptide variants described
above. We varied the loading concentration of each peptide to generate similar pkP expression.
RMA-S cells were incubated at 29 °C overnight followed by peptide addition for 30min at 29
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°C and incubation for 3h at 37 °C. pMHC surface expression was assessed by anti-H-2KP-PE
staining and flow cytometry analysis.

IL-2 release assay

For IL-2 detection, 96-well flat-bottomed ELISA plates (Nunc MaxiSorp) were coated with
60ul anti-1L-2 at 2 ug/ml in PBS 0.02% NaNg3 overnight at 4 °C. For antigen stimulation,

10° OT-1 hybridomas and 10° peptide-pulsed RMA-S cells were incubated in flat-bottomed
wells for 24h at 37 °C. 100ul of the supernatant was added to the washed and blocked ELISA
plates for 1h at room temperature. Anti-mlL-2-biotin secondary antibody was applied at 2 pug/
ml for 1h at room temperature. Streptavidin-HRP (Zymed) was applied at 0.3 ug/ml for 1h at
room temperature. Conversion of 0-Phenylenediamine dihydrochloride (Sigma) was allowed
for 5min in the dark followed by stopping the reaction with 50pl 10% H,SO4 per well.
OD490nm Was detected and normalized to a standard dilution series by the Softmax Pro software
Molecular Devices).

TCR downregulation

10° OT-1 hybridomas and 10° peptide-pulsed RMA-S cells were incubated in flat-bottomed
wells at 37 °C. Cells were fixed with 2% formaldehyde, washed and stained for V5 and
analyzed by flow cytometry. Data were presented as the percentage of TCRs remaining on the
cell surface.

Stimulation of hybridomas for FRET analysis

2 x 10° OT-I hybridomas and 2 x 10° peptide-pulsed RMA-S cells were incubated in flat-
bottomed wells at 37 °C. Stimulation was stopped by fixation with 2% formaldehyde. Cells
were washed with PBS, 10 mM Tris and finally with buffer C of the Slowfade antifade kit
(Invitrogen). Cells were mounted on standard glass slides in Slowfade antifade mounting
medium.

Immunoprecipitation and immunoblots

Results

2x 107 hybridomas and 2 x 107 peptide-pulsed RMA-S cells were incubated in round-bottomed
tubes at 37 °C. Cells were lysed in 1% Triton X-100, 50 mM Tris pH 7.5, 150 mM NacCl, 1
mM EDTA, 20 mM B-glycerophosphate, 1 mM NazVOy,, 10 mM NaF, 1 mM PMSF, 2 pg/ml
aprotinin, 5 pg/ml leupeptin and 1 mg/ml pefabloc. Lysates were precleared by centrifugation
and with Protein G Sepharose beads and were immunoprecipitated overnight with rabbit
monoclonal anti-GFP (Epitomics). After washing, samples were separated by 10% reducing
SDS-PAGE, blotted and probed with anti-phosphotyrosine (4G10; Upstate) followed by anti-
mouse-HRP (Cell Signaling) and ECL detection (GE Healthcare). For a loading control,
membranes were stripped and probed with mouse monoclonal anti-GFP (Santa Cruz).

Wildtype and a-CPM mutant TCRs

The wildtype and chimeric TCRs used in this study are schematically represented in Fig. 1A.
As point mutations in the a-CPM led to abrogation of surface TCR expression (26), we
generated chimeric TCRs that contain corresponding domains from the yd TCR which lacks
the a-CPM. Fig. 1A shows the membrane proximal connecting peptide (CP), transmembrane
(TM) and cytoplasmic (Cyto) domains of the constant regions of the receptors used in this
study. The a-CPM is indicated with an asterisk (*), TCR & sequences that replace a-sequences
are shown in light grey and TCR y sequences that replace -sequences are shown in dark grey.
The o-CPM mutant chain (alV) is a chimera encoding V, J and parts of the C domain from the
TCR a-chain followed by a segment of C5, which lacks the a-CPM. The BllI chain encodes
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V, D, J and part of the C domain from the TCR B-chain followed by Cy transmembrane and
cytoplasmic regions. The trans-membrane control receptor (TM) is composed of the Bl11 chain
and the all chain, which is identical to the alV chain except that it contains the a-CPM (Fig.
1A).

Therefore, the TM control receptor and the a-CPM mutant receptor are distinguished by the
presence or absence of the a-CPM. The variable regions and the bulk of the constant regions
among the various receptors were identical and were not affected by the replacements of the
domains shown in Fig. 1A.

Defective positive selection in a-CPM mutant mice

Thymocytes from Rag—/— mice expressing transgenic wildtype or a-CPM mutant TCRs were
analyzed to determine the influence of the a-CPM on thymic selection. As previously shown,
wildtype OT-I transgenic thymocytes generated substantial numbers of CD8af3+ CD4~— single
positive (SP) cells (19,43), whereas only very limited numbers of a-CPM mutant thymocytes
were positively selected (Fig. 1B) (28). Similarly, in the T1 TCR transgenic system (21),
CD8af} SP cells were generated in the wildtype and TM control transgenic mice but not in a-
CPM mutant mice, clearly indicating a positive selection defect (Fig. 1C).

The ability of different OVA variant peptides to induce positive or negative selection (see
materials and methods for affinity hierarchy) was tested in fetal thymic organ culture (FTOC)
(19). As shown here (Fig. 1D) and previously (33), the strong OVA, Q4 and Q4R7 ligands
induced negative selection in FTOC, as indicated by a low percentage of CD8uf+ CD4— SP
thymocytes. On the other hand, the weak ligands Q4H7 and E1 generated substantial numbers
of CD8ap+ CD4~— SP cells, which is indicative of positive selection (Fig. 1D and (33)). The
non-cognate VSV ligand induced neither positive nor negative selection, reflected by high
numbers of CD8afp+ CD4+ double positive (DP) thymocytes. In contrast to wildtype OT-I
thymocytes, a-CPM mutant thymocytes exhibited a substantially different selection outcome
in response to the various peptides (Fig. 1E). Only OVA was identified as negative selector,
given the paucity of CD8af + CD4— SP cells. All other ligands were non-selectors of a-CPM
mutant thymocytes; the presence of high numbers of DP thymocytes and relatively few SP
thymocytes indicate the lack of positive or negative selection (Fig. 1E).

Ligand Binding

The lack of selection in a-CPM mutant FTOCs might indicate that the a-CPM mutant receptor
cannot bind cognate ligands. To determine the influence of the a-CPM mutation on ligand
binding, we performed pMHC tetramer and monomer binding studies. Both binding assays
involved concomitant TCR and CD8 co-receptor binding to the MHC and were performed on
pre-selection DP thymocytes at 37°C. a-CPM mutant thymocytes exhibited decreased ligand
binding compared to OT-I wildtype thymocytes, when incubated with fluorescently labeled
pMHC tetramers (Fig. 2A). Dissociation constants (Kp) were calculated by nonlinear
regression analysis of the mean fluorescence intensities of bound tetramers. Relative to
wildtype OT-I thymocytes, a-CPM mutant thymocytes bound all tetramers tested less avidly.
The reduction of tetramer avidity (AKp) was 3 to 4 fold (Table 1A).

Binding studies using monomeric pMHC ligands (44) (21) involve peptide ligands that carry
a photoreactive group that can be photochemically crosslinked to the TCR upon specific ligand
binding. Concentration dependent binding curves were analyzed by nonlinear regression and
Kp values were calculated. For low affinity (positive selecting) ligands, half-maximal TCR
saturation was not reached (data not shown) and therefore Kp values could not be determined.
Similar to the tetramer binding experiments, DP thymocytes from o-CPM mutant T1 mice
bound pMHC ligands with ~4 fold lower apparent affinity (Table 1B) compared to wildtype
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or TM control thymocytes. The reduced apparent affinity of a-CPM mutant DP thymocytes to
bind pMHC could be attributed to defective cooperativity between TCR and CD8, as ligand
binding was similar when the interaction between CD8 and MHC was disrupted by point
mutations in the MHC (Fig. 2B, 4P-K4 A223/227) (21). In both the tetramer and monomer
binding experiments, the 3—4 fold decrease in ligand binding displayed by a-CPM mutant
thymocytes was similar for all ligands (Table I) and was independent of TCR specificity (i.e.
similar affinity decreases were observed for OT-1 TCR and T1 TCR expressing thymocytes).
Since the CD8 co-receptor is also involved in TCR signaling initiation, we wondered whether
the a-CPM mutation might affect signal initiation as well. To test this hypothesis, we set up a
system to observe TCR-CD8 interaction directly by FRET microscopy.

Expression of wildtype and mutant OT-I TCRs and functional expression of chimeric
fluorescent constructs in hybridomas

The TCR/CD8-deficient hybridoma 58 was successively transfected with constructs for
CD8a, CD8B-YFP, CD3(-CFP and TCR chains for the wildtype, mutant a-CPM or TM control
receptors. Resulting OT-I wildtype, a-CPM mutant and TM control T-cell hybridomas were
FACS sorted for similar expression of TCR-Va2, CD8a (data not shown), CD8f-YFP and
CD3¢-CFP (Fig. 3A). CD3¢-CFP surface expression was assessed by fluorescence microscopy
of T-cell hybridomas before and after transduction or the OT-1 wt TCR (Fig. 3B). Plasma
membrane expression of CD3(-CFP was only observed in TCR-positive cells. The localization
of CD3¢-CFP at the plasma membrane was observed for the wildtype and both chimeric
receptors (data not shown) indicating that CD3(-CFP was assembled in surface TCR/CD3
complexes. Moreover, the CD3(-CFP molecules were tyrosine phosphorylated upon
pervanadate treatment, pointing to its functionality in wildtype, TM control and mutant
hybridomas (Fig. 3C).

Antigen-dependent stimulation of wildtype and a-CPM mutant OT-I T-cell hybridomas

For antigen presenting cells, we used RMA-S murine lymphoma cells expressing H-2KP loaded
with exogenously added individual peptides (42). RMA-S-H-2KP cells were pulsed with
indicated peptides at concentrations yielding similar surface expression of pKP (Fig. 4A). To
assess functional responses, we tested hybridomas for their ability to internalize the TCR and
to release IL-2 upon stimulation with peptide loaded APCs. The high-affinity/negative-
selecting ligands OVA and Q4R7 induced ~35% TCR endocytosis in OT-I wildtype or TM
control hybridomas after 60min of incubation (Fig. 4B). The positive-selecting ligand Q4H7
showed slightly decreased and delayed kinetics of TCR endocytosis. In contrast, the lower
affinity positive-selecting ligand G4 failed to induce detectable loss of TCR from the cell
surface, similar to the non-cognate ligand VSV. In the a-CPM mutant hybridomas, TCR
endocytosis was substantially reduced, implicating a role for the a-CPM in the early cellular
response to antigen. As readout for a late cellular response, we examined IL-2 release. The
negative selecting ligands OVA and Q4R7 induced IL-2 secretion from wildtype and TM
control hybridomas (Fig.4C). Neither the positive-selecting Q4H7 ligand nor the non-cognate
VSV ligand produced detectable amounts of IL-2 (Fig. 4C). The a-CPM mutant hybridomas
failed to produce IL-2 in response to any of the ligands, excluding the possibility that the a-
CPM mutant cells could accumulate weak signals over time, which would not be detected by
measuring TCR internalization.

Antigen-induced CD3g-CD8 interaction

The approximation of two molecules within 10 nm is an indirect measure of their interaction
and can be assessed by FRET imaging (40). For CFP and YFP, the efficiency of energy transfer
is greater than 50% within a radius of ~5 nm and approximates zero beyond ~10 nm. Since the
ap TCR has a diameter of ~10 nm (7), significant FRET between CFP and YFP strongly
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suggests physical interaction between the carrier molecules CD3( and CD8p used in these
studies. We compared the FRET signals induced between CD3(-CFP and CD8B-YFP in the
T-cell hybridomas upon stimulation with peptide loaded APCs. Following stimulation of OT-
| wildtype hybridomas with OVA-loaded RMA-S cells, CD3(-CFP and CD8pB-YFP were
recruited to the synapse, where the FRET efficiency increased significantly (Fig. 5A upper
panel). Stimulation with the non-cognate VSV ligand did not recruit CD3¢-CFP to the synapse
andconsequently no significant FRET was detected (Fig. 5A lower panel). CD8B-YFP was
recruited to the APC contact area even with the non-cognate VSV ligand, as previously
observed (32). In contrast, a-CPM mutant hybridomas efficiently recruited both CD3¢-CFP
and CD8pB-YFP to the synapse but failed to induce substantial FRET (Fig. 5A middle panel).
In time-course experiments (Fig. 5B), the high-affinity, negative-selecting ligands OVA and
Q4R7 induced a fast and sustained FRET between CD3(-CFP and CD8B-YFP in OT-1 wildtype
and TM control hybridomas, whereas the low-affinity, positive-selecting ligands Q4H7 and
G4 induced a delayed and weaker FRET signal. It is noteworthy that with the positive-selecting
Q4H7 ligand, whose affinity for the OT-I receptor is only 2-3x lower than the negative selector
Q4R7 (33), the FRET signal developed significantly more slowly. However, by 60min the
FRET signal induced by Q4H7 reached a similar intensity as that induced by negative-selecting
ligands (Fig. 5B). In the mutant a-CPM hybridomas FRET signals were markedly reduced,
pointing towards a defect in CD3(-CD8p approximation (Fig. 5B middle panel). Strikingly, in
absence of the a-CPM the low-affinity ligands Q4H7 and G4 caused no detectable CD3(-
CD8p interaction over background (Fig. 5B). The reduced FRET signals in the a-CPM mutant
hybridomas could not be attributed to reduced TCR or CD8 recruitment to the synapse since
CD3¢-CFP and CD8B-YFP are recruited similarly as in OT-I wildtype or TM control
hybridomas (Fig. 5C and 5D). Therefore, an intact a-CPM is required for cytoplasmic
approximation of the CD8 co-receptor and the TCR for low-affinity ligands, explaining the
defect in positive selection in a-CPM deficient mice.

Antigen induced TCR-CD8 interaction correlates with CD3¢ phosphorylation

To test whether TCR-CD8 association at the plasma membrane correlates with the initiation
of intracellular signaling, we directly examined the phosphorylation of CD3(-CFP, an early
event in TCR signal transduction (24) (45). For this Western blot analysis, the same time points
were chosen as in the microscopy-based FRET experiments. The OT-I wt and TM control
hybridomas exhibited similar patterns of CD3(-CFP phosphorylation (Fig. 6A and 6C). The
high-affinity/negative-selecting ligands OVA and Q4R?7 induced rapid and sustained
phosphorylation of CD3(-CFP, whereas the low-affinity/positive selecting ligand Q4H7
triggered delayed and weaker phosphorylation of CD3¢-CFP. In the a-CPM mutant
hybridomas only moderate phosphorylation was observed at late time points in response to the
high-affinity ligands OVA and Q4R7 while almost no phosphorylation was induced by the
positive selecting ligand Q4H7 (Fig. 6B). The non-cognate VSV ligand failed to induce
phosphorylation in any of the hybridomas. Therefore, the extent and kinetics of TCR-CD8
interaction as measured by FRET correlates with the extent and kinetics of CD3¢-CFP
phosphorylation (Fig. 5B and Fig 6D).

Discussion

TCRs lacking the a-CPM are recruited to the synapse but do not efficiently interact with the
CD8 co-receptor. Our FRET experiments indicate that close approximation of the two
molecules is delayed and reduced when o-CPM mutant T-cell hybridomas encounter a strong
ligand and completely absent if they encounter a weak ligand. Therefore, the defective
transmission of weak signals in the a-CPM mutant TCR (28) is a consequence of deficient
TCR-CDS8 interaction and subsequent decreased CD3( phosphorylation. We previously
showed that thymocytes expressing an o-CPM mutant TCR fail to be positively selected,
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independent of the TCR specificities tested (27,28). Here, we showed that positive selectors
and weak negative selectors fail to induce any form of thymic selection; only the strong agonist,
OVA induces negative selection in a-CPM mutant FTOCs. Previous studies performed with
hybridoma cells showed a defect of TCR-CD8 cooperation in binding to pMHC (30). To
quantify this binding defect we measured TCR ligand binding on thymocytes of OT-1 and T1
TCR transgenic mice expressing wildtype or mutant a-CPM constant regions. A ~4 fold
reduction in TCR binding affinity (Fig. 2 and Table I) could be measured between wildtype
and a-CPM mutant TCRs; this difference in ligand binding was not evident with pMHC ligands
that fail to engage CD8 (Fig. 2B and Table IB, 4P-K9 A223/227). Therefore, reduced pMHC
binding of a-CPM mutant TCRs could be attributed to defective TCR-CD8 cooperation and
not to altered TCR affinity per se. Moreover, this demonstrates that putative structural
alterations in the a-CPM mutant TCR do not affect TCR affinity. Nevertheless, the slight
reduction in apparent affinity of a-CPM deficient TCRs did not fully explain their thymic
selection defects (Fig. 1).

To more fully understand the mechanism, by which o-CPM mutant receptors fail during thymic
selection, we used a T-cell hybridoma, expressing labeled CD8pB and CD3( molecules (32).
Our experiments confirm previous work (32) that the CD8 co-receptor is recruited to the
synapse similarly for all pMHC ligands (Fig. 5D), whereas the extent of TCR/CD3 recruitment
correlated with ligand affinity (Fig 5C and (46)). Measuring FRET between CD8B-YFP and
CD3(-CFP in the synapse, which reflects CD8B-CD3( interaction, we observed different
interaction kinetics for negative- and positive selecting ligands. Negative selecting ligands
induce a rapid and sustained FRET signal, whereas positive selecting ligands induce slow and
delayed FRET (Fig. 5B), extending a previous study (46). Here, we show that the transition
between the FRET patterns induced by negative or positive selecting ligands (Fig. 5A)
correlates with the affinity selection threshold previously described (33). These data
demonstrate that positive selecting pMHC ligands exhibit reduced TCR-CD8 interaction in the
synapse compared to negative selecting ligands, which correlates with decreased CD3(
phosphorylation during signal initiation in response to positive selecting ligands (Fig 6A,

(33)).

Our data further show that the absence of the a-CPM has no discernible effect on TCR or CD8
recruitment to the IS (Fig 5C,D). Both CD8 and TCR/CD3 were similarly recruited to the
synapse in all cell lines studied (OT-I wt, a-CPM mutant and TM control (Fig. 5C and 5D)).
Strikingly, CD8(-CD3( interaction was significantly reduced in T-cell hybridomas expressing
a-CPM mutant receptors (Fig 5B). This emphasizes that TCR and co-receptor can be
colocalized without any interaction as detected by FRET (31) (32). This reduction of molecular
interaction under the plasma membrane had a clear functional consequence. Phosphorylation
of CD3( was markedly reduced in a-CPM mutant hybridomas (Fig 6D). These data suggest
that an important role of the a-CPM is to facilitate the physical approximation of the
intracellular domain of CD8 to the TCR/CD3 complex, a requirement for ITAM
phosphorylation.

FRET signals observed in a-CPM mutant hybridomas were not always predictive of selection
outcome. The high affinity ligands OVA and Q4R7 induced similarly weak FRET signals in
a-CPM mutant cells, similar to those observed in wildtype or TM control cells stimulated by
positive-selecting ligands (Fig. 5B). In a-CPM mutant FTOCs, OVA is a negative selector,
which might be expected since OVA can induce negative selection in wildtype OT-1 FTOCs
even in the absence of CD8 expression (47). Thus, negative selection in OVA stimulated a-
CPM mutant FTOCs might occur even without the induction of FRET. On the other hand,
Q4R7 is a non-selector in a-CPM mutant FTOCs (Fig. 1E), even though this ligand induces a
similar FRET signal like OVA. It's possible that the fluorescent protein labels exaggerate the
TCR-CDS8 interaction induced by Q4R?7, although we consider this less likely as mutant forms
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of CFP and YFP were used that minimize spurious dimerization (32). Nevertheless, these data
clearly show that the a-CPM mutation leads to a reduction in TCR-CDS8 interaction; the
corresponding FTOCs show the consequences of this weakened interaction on thymic
selection.

We propose a model, where the lateral approximation of CD8 and the TCR is similar to the
approximation of two sides of a zipper (Fig 7). The molecules are first brought together by the
pMHC ligand and while the ligand remains bound to the receptor/co-receptor pair, their close
apposition continues downward in the direction of the T-cell. The a-CPM functions as a zipper
tooth on the TCR side of the CD8/TCR complex stabilizing the two sides of the zipper. If the
membrane proximal domains of CD8 and TCR become “zipped”, the CD8 associated Lck can
tyrosine phosphorylate the ITAMs of the TCR/CD3 complex. Once the positive selecting
ligand dissociates, CD8 and the TCR disengage and Lck mediated phosphorylation is
terminated. TCRs lacking the a-CPM might not stabilize the TCR-CD8 zipper, compromising
ITAM phosphorylation.

Signaling by low affinity ligands, which occupy the TCR for a relatively short time, is severely
affected by the lack of the a-CPM. Agonist ligands such as OVA could occupy the a-CPM
mutant TCR for a sufficiently long time to compensate for the lack of an important tooth in
the receptor/co-receptor zipper. Therefore, only the highest affinity ligands are capable of
mediating negative selection in mutant a-CPM thymocytes (Fig 1). The a-CPM is present in
the TCR a-chain throughout vertebrate evolution (26). a-CPM deficient receptors associate
poorly with CD33 and related work has previously shown that the CD33 molecule is also
required to establish a link between the TCR and the CD8 co-receptor (29). Therefore, the a-
CPM and CD36 seem to be required for an optimal functional interaction with the CD8 co-
receptor and for recognition of low affinity ligands that mediate positive selection and
homeostatic expansion of peripheral T-cells. The a-CPM may serve an equivalent function for
the CD4 co-receptor, since a class Il MHC restricted a-CPM mutant TCR also fails to generate
positive selection signals (27).
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Fig. 1. Schematic representation of the TCR constant regions used in this study and
characterization of the peptide variants

A, Schematic representation of the connecting peptide (CP), transmembrane (TM) and
cytoplasmic (Cyt) domains of the wildtype and chimeric TCRs used. The a-CPM sequence is
indicated with an asterisk (*). Open bars, TCRa and TCRp sequences; light grey bars, TCR3
sequences; dark grey bars, TCRy sequences. The a-CPM mutant receptor (alV/BIII) is similar
to the TM control receptor (all/BlI1), except that the a-CPM has been removed and replaced
by the corresponding TCR& sequence in the alV chain (26).

B, Flow cytometric analysis of thymocytes expressing wildtype or a-CPM mutant OT-I1 TCR
(as previously shown (28)). Thymocytes from C57BI/6 Rag2—/— mice, transgenic for the
wildtype or a-CPM mutant TCR, were stained with monoclonal antibodies against CD4 and
CD8p. The numbers in the dot plots indicate the percentage of CD8ap+ CD4-single positive
cells.

C, Flow cytometric analysis of thymocytes expressing wildtype, a-CPM mutant or TM control
T1 TCR. Thymocytes from BALB/c Rag2—/— mice, which were transgenic for the wildtype,
a-CPM mutant or TM control TCR, were stained and analyzed as in B. D and E, Fetal Thymic
Organ Culture (FTOC) analysis. Thymi from day 15.5 embryos of either OT-I wildtype (D)
or a-CPM mutant (E) Rag—/— B2m—/— mice were incubated with exogenously added individual
peptide and f2m. The ability of a peptide to induce the differentiation of CD8af+ CD4-single
positive cells was analyzed by flow cytometry after 7 days of culture. Cells were electronically
gated for TCRp expression and the CD4/CD8p expression profiles are shown with the
percentage of CD8af3+ CD4— SP cells indicated. In wild type FTOCs, the pattern of negative
selection (neg) seen with 2 uM peptide is also seen over a broad concentration range of negative
selecting peptides (data not shown). Positive selection (pos) in FTOC is more efficient using
higher peptide concentrations; FTOCs stimulated with 20 uM peptide are shown in the figure.
Lack of positive or negative selection is indicated by (null).

J Immunol. Author manuscript; available in PMC 2009 October 20.

2uM

20pM



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mallaun et al.

Page 15

A
2 A 1007 10 no 100 o100 n
5
= 754 7! 75 75
% = OT-l wt
£ | 5 50 50 «-CPM mut
<
© 5
g1 2= 2 25 25
& ! } !
4241109 8 7 6 -5 1241109 8 7 6-5 1241109 87 6-5 1211109 87 65
log[OVA-Kb] tetramer log[Q4R7-Kb] tetramer log[T4-KP] tetramer log[Q4H7-Kb] tetramer
B A 12 12 12
| 10 —= 10 —g—s 10
5] os 08 08 \ - T1wt
o 06 06 h a-CPM mut
2| o4 04 04 -+ TM control
T oz 02 ¢ 02

0. .0 X
42 41 40 9 8 7 6 5 42 41 0 9 8 7 6 5 A1 0 9 8 7 6 5 4

log[4L-K%] monomer log[4P-K9] monomer log[4P-K¢ A223/227] monomer

Fig. 2. Ligand binding of thymocytes with wildtype or mutant a-CPM TCRs

A, pMHC tetramer binding to thymocytes expressing OT-1 wildtype or a-CPM mutant TCRs.
Thymocytes from C57BI/6 Rag—/— p2m—/— mice expressing either the wildtype or a-CPM
mutant OT-1 TCR were incubated with various PE-labeled tetramers at indicated
concentrations at 37°C. Binding was quantified by flow cytometry and non-linear regression
analysis. A representative experiment of at least 3 independent experiments is shown.

B, pMHC monomer binding to thymocytes expressing the T1 wildtype, a-CPM mutant or TM
control TCR. Thymocytes from BALB/c Rag—/— 2m—/— mice expressing the T1 TCR variants
were subjected to two-step labeling experiments as described (21). pMHC A223/227
monomers that significantly reduce CD8 binding were used with the 4P ligand (right panel).
A representative experiment from a total of two or more independent experiments is shown.
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Fig. 3. Characterization of T-cell hybridomas

A, OT-I TCR, CD3(-CFP and CD8p-YFP expressed on wildtype, a-CPM mutant and TM
control T-cell hybridomas were analyzed by flow cytometry. CD3(-CFP expression was
measured by CFP detection. CD8B-Y FP expression was measured by a fluorescent monoclonal
antibody to CD8p and YFP detection.

B, Expression and localization of CD3(-CFP. When OT-I wt TCR is expressed on the cell
surface, CD3(-CFP localizes to the plasma membrane. TCR expression is shown upon staining
with anti-Va2 and Alexa546.

C, Phosphorylation of the CD3¢-CFP construct. 20 x 10% OT-I wt or a-CPM mutant
hybridomas were treated with 100uM pervanadate. Cell lysates were immunoprecipitated with
rabbit anti-GFP (Epitomics) and then probed with anti-phosphotyrosine (4G10) monoclonal
antibody. Stripping and reprobing with mouse anti-GFP (Santa Cruz) revealed the presence of
CD3C-CFP in all samples.
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Fig. 4. Stimulation of T-cell hybridomas with peptide-loaded APCs

A, Peptide-loading of RMA-S cells. RMA-S cells were loaded with indicated concentrations
of peptide as described in materials and methods. Staining with a fluorescently labeled H2-
KP antibody and flow cytometric analysis revealed similar median fluorescence intensities
(MedF1) and therefore similar peptide-KP expression with all peptides.

B, TCR internalization. T-cell hybridomas were stimulated with peptide-loaded RMA-S cells
(loading concentration as indicated in A). At indicated time points, TCR expression was
determined by flow cytometry. TCR expression was set as 100% at 0 min and MFI signals
were normalized to those values.

C, IL-2 production. T-cell hybridomas were stimulated with peptide-loaded RMA-S cells
(loading concentration as indicated in A). After 24h, supernatants were harvested and the
amounts of IL-2 determined by ELISA. Calcium ionophore/PHA/PMA stimulation was used
as positive control (+++). @ = not detected
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Fig. 5. Ligand induced CD3¢-CD8p interaction
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A, Fluorescence images of conjugates between peptide loaded APCs and OT-I wt or a-CPM
mutant hybridomas (loading concentration as indicated in Fig. 4A). Conjugates are shown as
phase contrast images, CD3¢-CFP in cyan, CD8B-YFP in yellow and FRET efficiency images

as donor-ratioed, compensated color gradients according to the algorithm described in

materials and methods. The color code is depicted in the scale bar. White arrows indicate

synapses.

B, CD3(-CFP and CD8B-YFP FRET measurements at the interface of T-cell hybridomas:APC
conjugates. The indicated average values + s.e.m. originate from n>20 conjugates for OVA,
Q4R7, Q4H7, G4 and n>10 for VSV. Negative-selecting ligands (OVA, Q4R7) are depicted
in red and positive-selecting ligands (Q4H7, G4) in blue. The non-cognate VSV ligand is shown
in black. For OT-I wt and TM control hybridomas, the differences in FRET efficiency induced
by the weakest negative selector Q4R7 or the strongest positive selector Q4H7 were significant
(p < 0.05) at 10min, 15min, 20min and 30min. For the a-CPM mutant hybridomas, the
differences in FRET signals induced by Q4R7 or Q4H7 were significant (p < 0.05) at 20min,
30min, 45min and 60min. To compare the same ligands between the T-cell hybridomas, we
compared FRET signals between the a-CPM mutant and the TM control hybridoma. For Q4R?7,
the FRET signals were significantly different for all time points (p < 0.05). For Q4H7, the
FRET signals in these two cell lines differed at 10min, 15min, 20min, 30min, 45min and 60min.
C, D, Recruitment of CD3¢-CFP (C) and CD8B-YFP (D) to the synapse. Fold recruitment of
CD3(-CFP and CD8pB-YFP to the synapse were calculated as described in materials and
methods. The values are indicated as mean + s.e.m. and originate form n>20 conjugates for

OVA, Q4R7, Q4H7, G4 and n>10 conjugates for VSV.
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Fig. 6. Ligand induced CD3¢-CFP phosphorylation

A, Tyrosine phosphorylation of CD3(-CFP. OT-1 wt hybridomas were stimulated with peptide-
loaded APCs. CD3(-CFP phosphorylation was assessed by immunoprecipitation and western
blotting. Anti-phosphotyrosine monoclonal antibody (4G10) indicates phosphorylated CD3(-
CFP. Only one species of phosphorylated CD3(-CFP could be observed (~50 kDa) in contrast
to endogenous CD3(, which exhibits phosphorylated forms of increased molecular sizes (45).
For signal normalization, membranes were stripped and probed with anti-GFP monoclonal
antibody. Representative blots are shown (n>2).

B, a-CPM mutant and C, TM control T-cell hybridomas were probed for CD3(-CFP
phosphorylation as described in A.

D, Densitometric evaluation of CD3(-CFP phosphorylation. Densitometry of the western blots
from panels A to C was performed using a phosphoimager (Chemilmager 5500, Alpha
Innotech). Mean intensity values were normalized to the values obtained at 0 min and to the
anti-GFP signal using the Alpha Ease Fc (Alpha Innotech) software.
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Fig. 7. The zipper model of TCR-CD8 approximation

In absence of an intact a-CPM, the CD8 co-receptor binds to the pMHC but only inefficiently
engages the TCR at the level of the transmembrane and cytoplasmic domains. A candidate for
linking the TCR and the CD8 co-receptor is the CD33 molecule, which has been previously
shown to be poorly associated to the TCR/CD3 complex in a-CPM deficient cells (26) (29),
which is indicated in the left panel. In analogy to a zipper, the a-CPM receptor is missing a
tooth, which hinders further zippering in the direction of the T-cell plasma membrane (left
image). As a consequence, the ITAMSs of the CD3 complex, especially CD3(, are inadequately
phosphorylated. Only high-affinity ligands with a sufficiently long half-life of TCR binding
can compensate for the a-CPM mutation. An intact a-CPM therefore allows tight CD8
association and closure of the zipper. In our model, this corresponds to a fully “zipped”
approximation (right panel) where the co-receptor associated Lck can fully access the ITAMs
of the CD3 complex.
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