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Triggering of T Cell Activation via CD4 Dimers1

Maria-Cristina Moldovan,*† Laurent Sabbagh,* Gaëlle Breton,‡ Rafick-Pierre Sékaly,2,3*‡ and
Matthew F. Krummel2†

The onset of activation in Th cells is triggered by localized coengagement of TCRs and the coreceptor CD4. A CD4 crystal
suggested that CD4 may form dimers in some circumstances. In this study, we use live-cell fluorescence resonance energy transfer
imaging to demonstrate that CD4 dimers are present at a basal level on the cell surface and accumulate at the synapse. Mech-
anistically, we reveal two conditions under which dimers are highly relevant. First, CD4 dimers are more proficient in mediating
prolonged cell contacts with APCs in the presence or absence of Ag. This is consistent with a model whereby the dimer functions
to increase T-APC avidity. Second, we show that dimer mutations result in an increased level of an inactive lckTyr505 bound to
the CD4 molecule relative to dimer-competent CD4. We also find a consistent defect in signaling onset in these cells. This supports
a role for CD4 dimerization in maintaining active signaling machinery. We suggest that modulation of the dimer/monomer ratio
may permit tuning of activation thresholds during initial engagement. The Journal of Immunology, 2006, 176: 5438–5445.

T he adaptive immune response is activated when TCRs on
the surface of CD4� T lymphocytes recognize peptides
that are bound to MHC class II molecules on the surface

of APCs. The CD4 coreceptor binds to a peptide-independent re-
gion of MHC and increases T cell sensitivity to Ag by 10- to
100-fold (1–4). This role is most prominent at suboptimal stimu-
lation conditions, that is either low ligand concentration or poor
affinity of the TCR for the MHC-peptide complex (3–6).

There are two proposed mechanisms by which CD4 may trigger
T cell activation. First, in binding the TCR-pMHC complex, CD4
recruits the associated p56lck kinase, thus potentiating Ag-depen-
dent signal transduction (7–10). Second, CD4 binding to MHC
class II may enhance cell-cell adhesion, tethering MHC molecules
and thereby increasing TCR occupancy (11–14). However, in so-
lution, monomeric CD4 possesses poor pMHC binding (Kd � 200
�M) with no detectable affinity for the TCR (15), thus raising
questions of how it contributes to TCR triggering in this way.

The crystal structure of the entire extracellular (D1-D4) portion
of CD4 showed weak homodimerization (estimated Kd of 44.3 mg
ml�1) (16). This raised the possibility that the weak monomeric
CD4-MHC affinity could be overcome by augmenting the avidity
of the interaction through CD4 dimerization/oligomerization. Sev-
eral crystallographic, molecular modeling, biochemical, and func-

tional studies have indicated the involvement of CD4 oligomers in
MHC class II binding and/or T cell activation (12, 17–22). Con-
firming the crystallographic data, we identified K318 and Q344,
two highly conserved residues within the D4 domain, as critical for
CD4 dimer formation, assessed biochemically. Although we have
shown that CD4 dimers constitute the functional component of
CD4 for cytokine production, the mechanism involved is unclear
(23).

Recent studies have established that T cell activation is charac-
terized by the formation of an immunological synapse (IS)4 be-
tween the T cells and their cognate APCs (24, 25). On Th lym-
phocytes, the CD4 coreceptor is a critical player in the early stages
of synapse formation, serving to boost recognition of pMHC by the
TCR (4, 26) and to facilitate efficient p56lck recruitment in the
vicinity of the engaged TCR-CD3 complex (10). Interestingly,
once activation has been triggered and a mature IS is formed, a
bulk of CD4 is excluded from the central synapse, suggesting that
it may no longer be required (26, 27).

Recent technological progress has improved our ability to visu-
alize the T cell-APC interface. For example, three-dimensional
video microscopy of proteins labeled with fluorescent tags has pro-
vided great insight into the molecular dynamics and requirements
involved in the formation of the IS. In addition, fluorescence res-
onance energy transfer (FRET) measurements using two matched
fluorophores in close proximity can be used to monitor protein-
protein interactions (28–30).

In this study, we have generated fluorescently tagged CD4 mol-
ecules to examine the temporal dynamics and kinetic requirements
for dimers during recognition of superantigen staphylococcal en-
terotoxin B (SEB). Using live cell imaging of FRET between CD4
molecules, either wild type (wt) or deficient in their ability to
dimerize, we show that dimerization potentiates couple formation,
signaling commitment, and CD4 accumulation in the contact area,
but monomeric CD4-bearing cells are capable of supporting pro-
longed responses, once initiation has occurred. Furthermore, real-
time FRET analysis provides evidence of an even closer apposition
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of CD4 molecules, indicating the formation of higher order com-
plexes at later stages.

Materials and Methods
Constructs and generation of cell transfectants

CD4 fusion constructs were generated by attaching enhanced YFP or CFP
(BD Clontech) to the C termini of CD4wt or CD4K318E. cDNAs encoding
these constructs were subcloned into the retroviral vector pIB-2 (27). The
3DT52.5.8 is a murine CD4-negative T cell hybridoma subclone (31, 32).
We generated clonal populations of 3DT52.5.8 cells stably expressing sim-
ilar surface levels of CD4wt-cyan fluorescent protein (CFP) and CD4wt-
yellow fluorescent protein (YFP) molecules, or CD4K318E-CFP and
CD4K318E-YFP molecules as described (33). The murine B cell lym-
phoma cell line A20 (34) or DAP-DR1 fibroblasts (17) were used as APCs.

Antibodies

L-68 and OKT4 are mouse mAbs specific to human CD4 (17, 35). The rat
anti-mouse CD3 Ab 145-2C11 was produced in our laboratory (36). The
4G10 anti-phosphotyrosine mAb was purchased from Upstate Biotechnol-
ogy, phospho-lck (Tyr505) Ab from Cell Signaling Technology, and anti-
phosphotyrosine-PE Ab (PY20) from BD Pharmingen.

Stimulation assays and measurement of IL-2 production

A total of 7.5 � 104 T cells was cocultured with 2.5 � 104 A20 cells in the
presence of increasing doses (0.5, 1, 5, and 10 mg ml�1) of superantigen
SEB (Toxin Technology) for 20 h at 37°C. For anti-CD3 stimulation, 7.5 �
104 T cells were cultured in anti-CD3-coated wells (0, 0.01, 0.1, and 1 mg
ml�1) for 20 h at 37°C. The supernatants were harvested, and levels of IL-2
produced were assayed by ELISA.

Immunoprecipitation and Western blot analysis

A total of 5 � 106 3DT52.5.8 T cell hybridoma CD4 transfectant cells was
treated with medium alone or with IgG Ab (10 �g ml�1) or with either the
CD4-specific mAb OKT4 or L-68 (10 �g ml�1); then immunoprecipitates
were resolved by 12% SDS-PAGE and transferred onto nitrocellulose
membranes (Amersham Biosciences). Blots were probed with either a rab-
bit anti-CD4 polyclonal Ab, a rabbit anti-p56lck polyclonal Ab, a rabbit
anti-phospho-lck (Tyr505) polyclonal Ab, or the mouse 4G10 anti-
phosphotyrosine mAb, followed by peroxidase-conjugated secondary Ab.
Blots were then developed using ECL (NEN Life Science Products) and
autoradiography (Eastman Kodak).

Imaging

A total of 7.5 � 104 A20 cells pulsed with SEB was mixed with 7.5 � 104

T cells loaded with 1 �M fura 2-AM or Rhodamine-X (Molecular Probes)
in an 8-well glass-bottom chamber slide (Labtek/Nunc). For time-lapse
experiments, images were taken every 30 s for 30 min. At each time point,
we collected a differential interference contrast (DIC) image, either fura
2-AM or Rhodamine-X images and a 20-�m z-stack of fluorescent (CFP,
YFP, FRET) images separated by either 1–3 �m for regular fluorescence
imaging or 5–7 �m for FRET imaging. Fixed cell staining was done by
briefly incubating 105 3DT52.5.8 T cell transfectants with 105 A20 cells
pulsed with 10 �g/ml SEB, at 37°C for 5 min. Fixed cell samples were Ab
stained (PY20-PE) upon spotting cells on slides, then treated with antifade
reagent (Bio-Rad), and the slides were sealed and imaged. Microscope
control, data acquisition, and data analysis were performed in Metamorph
(Universal Imaging). More detailed information is available in the supple-
mental material.5

Conjugate analysis

For each type and condition, the frequency of conjugate formation and the
percentage of Ca2� fluxing cells over a 30-min period were determined.
For those cells that formed conjugates (stable for �2 min), we measured
the duration of contact, the magnitude of Ca2� flux, and the magnitude of
CD4 accumulation. More detailed information is available in the supple-
mental material.5

FRET analysis

The energy transfer efficiency (E) was calculated as: E � 1 � (FDA/FD),
where FDA is the fluorescence intensity of donor (CFP) before acceptor
(YFP) bleaching, while FD is the fluorescence intensity of donor (CFP)

postbeaching (28, 30, 37). To determine real-time FRET signal, at each
time and focal point we calculated (28, 38), the microFRET normalized to
the donor concentration (FRETNC) according to the formula: FRETNC �
(Ff –Df(Fd/Dd) –Af(Fa/Aa))/Df. All data were analyzed using Metamorph
(Universal Imaging). For all images analyzed, background was subtracted
based on local fluorescence averaged from a user-specified, cell-free region
of each image. An intensity mask on the YFP emission was used to limit
the analysis to cell surface pixels. FRET images were derived in Meta-
morph using the FRETNC formula described above. No photobleaching
correction was applied to images to preserve relative quantitative informa-
tion. More detailed information is available in the supplemental material.5

Results
Functional CD4 dimerization on the cell surface

To investigate the role of CD4 dimerization in the formation of an
IS via live FRET microscopy, CFP and YFP proteins were fused
with the C terminus of human CD4 wild-type or human CD4 con-
taining the K318E mutation. Although this mutation abrogates
CD4 dimerization, it does not affect the conformational integrity of
the CD4 molecule (23). The chimeric proteins were stably ex-
pressed in the CD4�CD8� murine T cell hybridoma 3DT52.5.8
(17, 23, 31, 32).

To facilitate FRET and functional comparisons of wt and mutant
transfectants, we selected clones with comparable CFP and YFP
fluorescence, as well as for similar overall CD4 surface levels (Fig.
1, A–C) and demonstrated that they retain the ability to associate
with p56lck (data not shown). To validate that the tagged versions
of wt and mutant CD4 behave as previously observed, these cell
lines were then challenged with CD4-dependent or -independent
stimuli. The CD4 coreceptor enhances the IL-2 response triggered
by presentation of superantigen SEB to the V�8� 3DT52.5.8 T
cell hybridoma (17, 23). Superantigen stimulation has been shown
previously to result in similar activation phenotype, including the
kinetics and pattern of synapse formation, as compared with pep-
tide Ag stimulation (39–43). As previously demonstrated, the
K318E mutation diminishes the response to MHC class II-SEB
complexes presented by two types of APCs (DAP (transfected fi-
broblast with human MHC class II molecules) and A20 (murine B
cell)), but not to anti-CD3 stimulation (23) (Fig. 1, D–F). Similar
results were also observed with several other independently de-
rived transfectants (data not shown). Differences in IL-2 produc-
tion from two types of APCs (DAP (transfected fibroblast with
human MHC class II molecules) and A20 (murine B cell)) prob-
ably reside in the much greater MHC class II expression in the
transfectant as well as in the xenotype of the MHC (44–47).

FRET analysis of CD4 dimers on resting and activated cells

The previous data suggested a critical role for CD4 dimers in me-
diating T cell activation events. Using two independent methods of
FRET analysis (data not shown), we have investigated the require-
ments and dynamics of CD4 dimers before and during IS forma-
tion upon antigenic recognition.

Both methods of FRET analysis demonstrated CD4 self-associ-
ation on the resting cell surface as well as lower FRET levels of
CD4 mutant (CD4mut) transfectants relative to their CD4wt coun-
terparts (Figs. 2A and 3). Using the donor recovery method, the
CD4wt displayed higher FRET efficiency (wt, noncoupled, total:
E � 7.3 � 0.3%) as compared with the CD4mut (mut, noncoupled,
total: E � 4.4 � 0.1%) (Fig. 2A).

To distinguish between FRET due to molecular crowding from
FRET due to specific molecular interactions (48), we have ana-
lyzed the dependence of FRET on acceptor:donor ratios. Indeed,
we show that in both wt and mutant transfectant cells, the degree
of FRET, assessed by donor recovery upon acceptor photobleach-
ing, is independent on the molecular ratio of acceptor to donor5 The online version of this article contains supplemental material.
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(data not shown). This clearly demonstrates that the FRET signal
observed in CD4 wt transfectants or in CD4 dimerization mutant
transfectants is due to specific CD4 self-association, and does not
result from the random distribution of CD4 proteins on the cellular
membrane.

To further control for the observed FRET levels, we used cali-
bration beads to determine that there are 82,324 and 106,434 CD4
molecules on the surface of wt and mutant transfectant cells, re-
spectively, whereas published data reveal that there are �98,000
CD4 molecules on the surface of Th cells of healthy human donors
(49) (data not shown). This finding clearly demonstrates two im-
portant points: 1) the increased FRET signal observed on the sur-
face of CD4wt transfectants as compared with CD4mut transfec-
tants results from increased CD4 self-association, and is not due to
higher surface density of CD4 molecules; 2) in our system, we
assayed FRET at physiological levels, because the CD4 surface
density on a molecule/cell basis of our wt and mutant transfectants

is comparable to the CD4 surface density on normal human do-
nors. Moreover, we demonstrate that CD4 dimers are present on
the cellular membrane (data not shown). Altogether, these results
provide clear proof that the only possible reason for increased
FRET in the dimer-competent wt transfectant can only derive from
the multimerization state (we suggest dimerization based on our
previous biochemical studies).

We next investigated the requirements for and dynamics of CD4
dimers before and during immature IS formation upon antigenic
recognition. The 3DT52.5.8 line, like other hybridomas (30), does
not complete a mature c:central supramolecular activation cluster,
but initiates immature synapse formation characterized by the ac-
cumulation of CD3, CD4, LFA-1, intracellular calcium release,
and stable couples that typically last �20 min. Efficiency of energy
transfer was quantified on fixed couples formed by the CD4 trans-
fectants with the SEB-presenting A20 APCs (Fig. 2B). FRETNC

was determined during coculture of the CD4 transfectants with the
SEB-presenting A20 APCs (Fig. 3 and supplemental movies 1 and
2).5 Both methods of FRET analysis (Figs. 2 and 3) clearly dem-
onstrate that, on the outside or within the contact area at all time
points, the CD4mut molecules displayed consistently lower com-
pensated FRET levels than their CD4wt counterparts, reflecting the
impairment of CD4K318E mutant molecules to dimerize (23). In-
terestingly, the CD4wt transfectant displayed highly increased
FRET signal within the synapse area relative to the noncontact
region: 19.0 � 0.4% FRET efficiency at the contact area (wt, cou-
pled, synapse) vs 7.8 � 0.2% at the noncontact area (wt, coupled
nonsynapse) (Fig. 2B). In contrast, the CD4mut transfectant dis-
played only marginally increased FRET signal at the contact area
(mut, coupled, synapse: 7.2 � 0.2%) relative to noncontact area
(mut, coupled, nonsynapse: 5.4 � 0.2%).

We did not observe any kinetic lapse between CD4 accumula-
tion and increased FRET level (Fig. 3A and supplemental movie
1),5 suggesting that synapse engagement of molecules is integral to
the rise in FRET. Nonetheless, increased FRET at the IS might

FIGURE 2. Quantitation of CD4 dimerization/oligomerization by
FRET on T cell hybridomas. A, E was measured using a donor-recovery
method (see Materials and Methods and supplemental material)5 on the
cell surface of CD4wt- or CD4mut-bearing T cell hybridomas resting (A)
and coupled (B) during synapse formation for either the synapse region
(average of all pixels in this region) (f), or for the nonsynapse (average of
all pixels in this region) (u). Data represent average and SDs for 85 cells.

FIGURE 1. Equivalent surface expression, but altered function of CD4wt and CD4K318E CFP/YFP double transfectants. A, YFP fluorescence intensity;
B, CFP fluorescence intensity; and C, cell surface CD4 levels of CD4� 3DT cells (gray dashed line), of 3DT CD4wt transfectants (solid black line), and
of 3DT CD4mut transfectants (solid red line). The CD4� hybridomas transfected with CD4wt-CFP and CD4wt-YFP (CD4wt) (f) or with CD4mut-CFP
and CD4mut-YFP (CD4mut) (u) were stimulated with increasing concentrations of SEB presented by D, A20 cells; E, HLA-DR1-expressing DAP cells;
or F, increasing doses of plate-coated anti-CD3 mAb (0.001 �g ml�1; 0.1 �g ml�1; 1 �g ml�1), or left unstimulated (0 �g ml�1 anti-CD3 Ab) as negative
control. Supernatants were tested at 20 h for IL-2 by ELISA. D, The asterisk indicates the limit of detection of this assay. CD4mut IL-2 production was
consistently below this limit.
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result from either multimeric clustering or from the formation of a
tighter dimer of CD4wt molecules, and this cannot be distin-
guished at present.

CD4 dimers potentiate T cell-APC conjugate formation

Having established that CD4 dimers are ubiquitously expressed on
the cell surface and accumulate at the immature IS, we used the
live-imaging approach to observe proximal events of cell-cell in-
teraction, Ca2� flux, and synapse formation of T cell hybridomas
bearing the chimeric molecules when incubated with APCs.

The CD4wt-expressing T cells formed stable conjugates more
efficiently with Ag-pulsed A20 APCs than the CD4mut- or the
CD4-negative-expressing T cells (44.3 vs 26.4 vs 17.7%) ( p �
0.005). This trend was also observed in the absence of Ag (26.6 vs
18.0 vs 8.7%); however, it is not statistically significant (Fig. 4A).
The novel finding in this study lies in that during antigenic stim-
ulation CD4 dimer potentiates the T cell-APC adhesion as com-
pared with CD4 monomer, implying that dimeric CD4 binds MHC
class II with stronger avidity than its monomeric counterpart. It is
noteworthy that we find a baseline conjugation level in our assay
without either MHC class II or CD4, but that the presence of both
these molecules dramatically augments this parameter (Fig. 4A,
and data not shown).

CD4 dimers augment signaling commitment, but not duration

In addition, CD4wt-expressing cells commit to signaling upon
coupling with Ag-pulsed A20 APCs more efficiently than

CD4mut- or CD4�-expressing cells (percentage of Ca2� fluxing
cells is 32 vs 20 vs 8.7%, respectively) (Fig. 4B). In CD4� cells,
the Ca2� flux observed is either of low magnitude (�1.2-fold in-
crease over background) and/or of short duration (�1 min). There-
fore, these fluxing cells did not meet our scoring criteria and were
not included in graphs in Fig. 4D (duration of Ca2� flux) and 4E
(magnitude of Ca2� flux).

We further investigated the duration of contact in those cells that
initiated stable conjugation (Fig. 4C, and data not shown) and
showed that once couples are formed they have similar conjugate
duration in cells expressing CD4wt or CD4mut, supporting a re-
quirement for CD4 dimerization only in very early commitment.

In addition, the increase in Ca2� flux, either in terms of intensity
or duration, was not appreciably different in cells bearing CD4wt
or CD4mut molecules (CD4wt, peak intensity of Ca2� flux was
1.8-fold increase over background, and duration of Ca2� flux was
3.1 min; CD4mut, peak intensity of Ca2� flux was 1.5-fold in-
crease over background, and duration of Ca2� flux was 2.9 min)
(Figs. 4, D and E, and 5, and data not shown). In all cases, Ca2�

flux was only observed upon specific TCR recognition irrespective
of the APC type used, and was highly potentiated by CD4 as
CD4� T cells display poor Ca2� flux upon stimulation (data not
shown). Similar conjugate results were seen using other clones
expressing these molecules under a variety of stimulation condi-
tions, again demonstrating that the effects observed are due to CD4
dimerization state and not to clonal variation (data not shown).

FIGURE 3. CD4 dimer, but not CD4 monomer displays increased
FRET at the IS. CD4wt transfectants (A) or CD4mut transfectants (B) were
imaged at 30-s intervals while interacting with SEB (10 �g ml�1)-pulsed
A20 B cells. Each time point shows the DIC image, a mid-cell z section of
YFP, and the calculated FRET intensity. Times relative to the onset of
cell-cell contact are indicated. This result has been confirmed in at least 10
couples for each condition. Fluorescence data for A and B are displayed on
identical color scales (indicated).

FIGURE 4. CD4 dimerization potentiates conjugate formation and sig-
naling commitment, but has no effect on later stages of activation, includ-
ing duration of contact, Ca2� flux, or total tyrosine phosphorylation. A,
Percentage of conjugate formation, and B, percentage of Ca2� fluxing cells
for CD4� cells, CD4wt, and CD4mut transfectants, in the presence (f) or
in the absence (u) of 10 �g ml�1 SEB. The cells that formed stable con-
jugates (�2 min) were subsequently scored for C, duration of cell-cell
contact; D, duration of Ca2� flux; and E, magnitude of Ca2� flux. Data
shown were obtained from 72 (n, CD4�), from 53 (n, MUT), and from 126
(n, WT) individual couples. F, Total tyrosine phosphorylation was mea-
sured in cells that formed stable conjugates (�2 min) in presence of Ag (f)
or absence of Ag (u). Data shown were obtained from 42 (n, WT) and from
44 (n, MUT) individual couples.
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As another measure of activation status within already formed
couples, we assessed the level of tyrosine phosphorylation in either
wt or mutant transfectants upon coupling with APCs and have
quantified the ratio of total tyrosine phosphorylation in coupled
cells over not-coupled cells (Fig. 4F). Both CD4 wt- and CD4mut-
expressing T cells displayed an increased level of total tyrosine
phosphorylation when coupled with Ag-pulsed APCs, and there
was no significant difference between CD4wt and CD4mut
transfectants.

Whereas the CD4 dimeric form only is important for scanning
and initial adhesion (that is CD4 dimers aid in initial stages of
conjugate formation), the sum of this data indicates that either
dimeric or monomeric forms are sufficient once a response has
started.

Quantitatively augmented enrollment of CD4 dimers at the IS

To gauge the level of CD4 recruitment to the synapse, we scored
the distribution of CD4-YFP chimeric proteins in those cells that
did form a stable conjugate. Within this population, the CD4
dimerization mutant was clearly defective in CD4 recruitment and
persistence at the contact area (data not shown, Figs. 5 and 6). An
example of persistent CD4wt accumulation at the synapse (	2.8-
fold increase lasting 9.2 min) is shown in Fig. 5A. In contrast, an
example of inefficient accumulation of CD4mut molecules (1.8-
fold increase, lasting 4.0 min) is shown in Fig. 5B. These differ-
ences, while only 2.8- vs 1.8-fold, are nevertheless statistically
different and consistently reproduced in two independent systems
(using either A20 or DAP cells as APCs). This result is consistent
with a role for dimerization in increasing the affinity of CD4 for

MHC and may explain larger dwell times in the presence or ab-
sence of Ag.

Differential phosphorylation of p56lck associated to either
CD4wt or CD4mut molecules

Beyond effects on conjugate formation and CD4 accumulation, the
Ca2� and phosphotyrosine data indicated that the dimer mutant is
primarily defective in promoting signal initiation. This suggested
that a triggering defect in the CD4 dimer mutant might be much
more proximal, such as the ability of this molecule to successfully
recruit lck. Although we have established that the dimer mutant
successfully associates with lck (data not shown), this kinase is
subjected to multiple levels of regulation. In particular, lck can be
phosphorylated on Tyr505, which results in autoinhibition, or can
be phosphorylated on Tyr394, which augments kinase function (50).

We assessed the phosphorylation state of lck in wild-type and
mutant bearing cells, and we observed an increased Tyr505 phos-
phorylation of lck associated to CD4mut as compared with lck
associated to CD4wt, with no appreciable difference in total phos-
photyrosine levels (Fig. 7A, and data not shown). Averaged over
three independent experiments and normalized to total lck levels
and loading in the immunoprecipitation, CD4mut had a �1.95-
fold increase in associated Tyr505 (Fig. 7B), and mutant was al-
ways more highly associated with the Tyr505 as compared with wt.
Thus, the dimer mutation alters the balance of inhibited lck505

loaded onto CD4.

Discussion
In this study, we show evidence for the existence of CD4 dimers
on T cells and multiple stage-specific requirements for their func-
tion. Specifically, these dimers are necessary for efficient initial
CD4 accumulation, for TCR-dependent and -independent conju-
gate formation, and for the signaling onset leading to synapse de-
velopment. Once an activation threshold is reached, CD4 dimer
mutants display no defects beyond their accumulation within
the IS.

FRET analysis of CD4 dimers

A basal level of CD4 dimerization, observed in this study by FRET
measurements, is consistent with previous biochemical studies

FIGURE 5. Examples of CD4 accumulation and Ca2� flux in CD4wt-
and CD4mut-expressing cells. CD4wt (A) and CD4mut (B) transfectants
were imaged at 30-s intervals while interacting with SEB (10 �g ml�1)-
pulsed A20 B cells. Each time point shows the DIC image, the Ca2� in-
crease obtained with fura 2-AM, and a mid-cell z section of YFP. Times
relative to the onset of cell-cell contact are indicated. Fluorescence data for
A and B are displayed on identical color scales (indicated).

FIGURE 6. CD4mut are defective in Ag-independent and -dependent
synapse accumulation. The cells that formed stable conjugates (�2 min)
were scored for CD4 recruitment at the synapse in the presence (f) or
absence (u) of Ag. The duration (A) and magnitude (B) of CD4 recruitment
were further scored in those cells that accumulated CD4. Data shown were
obtained from 126 (n, WT) and from 53 (n, MUT) individual couples.
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showing CD4 dimers in resting cells (23, 51). Because overall
density of cell surface CD4 molecules on the cell surface is com-
parable between wt and mut transfectants, the only possible reason
for increased FRET (wt vs dimer mutant) is the dimerization or
multimerization state.

Interestingly, the time-lapse FRET analysis shows that upon en-
gagement at the synapse, CD4wt molecules exhibit an increase in
the FRET ratio at the IS, concomitant with CD4 accumulation. At
this time, there are four possible explanations for this observation:
1) close packing of dimers with one another; 2) alternative dimer-
ization domains strengthening the pre-existing dimer; 3) confor-
mational change in individual dimers upon ligand binding; and 4)
dimerization of monomers at the synapse. It is interesting to note
that a second minor CD4 self-association site, mapping to the FG
and CC
 loops of the D1 extracellular domain, has been suggested
by computer-modeling and functional studies (17, 22). Thereby, an
appealing hypothesis is that CD4 dimerization is mediated via D4
domain, whereas CD4 oligomerization is potentiated by the D1
domain. Additional proteins, either intracellular or extracellular,
might also promote CD4 dimerization/oligomerization. For exam-
ple, before IS formation, the dimerization of the CD4-associated
p56lck molecule might further strengthen CD4 oligomerization; at
the IS, this would promote lck trans-phosphorylation, and ulti-
mately enhance signaling (16). Also, during antigenic stimulation,
CD4 oligomerization might be induced by binding to class II MHC
molecules or to TCR molecules.

Stage-specific requirement for CD4 dimers

We find that CD4 dimers are most important for the very early
stages of IS formation. First, CD4 dimers facilitate conjugate for-
mation in our system even in the absence of Ag, suggesting a role
in facilitating adhesion and/or weak tonic signaling. This coincides
with CD4 accumulation, providing a correlation between CD4 ac-
cumulation and adhesion. Second, in the presence of TCR agonist
CD4 dimers promote stable long-lasting contacts that give rise to
Ca2� signals. CD4mut expression is characterized by multiple
transient contacts, which do not give rise to Ca2� signals and are
most likely responsible for the decreased IL-2 levels in bulk as-
says. However, occasionally stable contacts are formed, and these
result in similar Ca2� flux in CD4mut and CD4wt cells. Differ-
ential IL-2 secretion can also be explained by the fact that the
threshold required to initiate Ca2� signaling is probably less strin-
gent than cytokine secretion, as implied by the work of Valitutti et
al. (52) and Hemmer et al. (53).

The role of CD4 dimerization in adhesion

At the contact area, CD4 dimerization within the IS may increase
the two-dimensional affinity of the interacting membranes and in-
crease coupling duration. Indeed, the structure of the mature IS,
composed of highly organized spatially segregated supramolecular
activation clusters, provides a high local concentration of the in-
teractive molecules and excludes nonbinding or inhibitory proteins
such as CD45 or CD43 (24). Additionally, CD4 dimers may func-
tion at the contact area to localize and/or immobilize MHC class II
molecules for TCR recognition. Irvine et al. (4) have suggested
that for suboptimal receptor-ligand avidities, CD4 bridges a
pseudodimer formed by agonist and null-peptide MHC and stabi-
lizes weak TCR binding to the MHC-peptide complex. Based on
crystallographic and mutagenesis data, Konig et al. (19) have pre-
viously speculated that oligomers of MHC class II molecules are
stabilized by CD4 dimers. Finally, as indicated by solution studies,
CD4 oligomerization may increase the avidity of the weak mono-
meric CD4-pMHC interaction (18).

Basal CD4 dimerization may be required for constitutive low-
level tonic interaction with self pMHC complexes that may com-
plement TCR partial engagement by self pMHC ligands in the
peripheral immune system, supporting the stochastic resonance
concept proposed by Germain and Stefanova (54). Interestingly,
work by Bottomly and coworkers (55) elegantly demonstrates that
CD4 ligation inhibits memory, but not naive T cells. This supports
the hypothesis that CD4 dimerization status may modulate T cell
activation threshold, allowing for tonic interaction of naive T cells
with self MHC molecules, but preventing irrelevant and potentially
dangerous interactions between memory T cells and bystander
MHC class II� cells.

CD4 dimers are associated with preactivated p56lck

Recent studies suggest that CD4 boosts activation and synapse
formation by enhancing TCR signaling (10). Our data support the
hypothesis that CD4 dimers are important for the recruitment of a
preactivated form of lck to the synapse because the CD4mut with
increased Tyr505 phosphorylation levels on its associated lck is
defective at initiating Ca2� signaling. Dimer clustering at the syn-
apse may also provide the associated preactivated p56lck with a
high local concentration of signaling and adaptor molecules, fa-
vorable for both lck transphorylation and activity of downstream
players. In support for a role of CD4 in TCR triggering, it has been
demonstrated that optimal antigenic stimulation involves intermo-
lecular interaction between CD4 and TCR molecules at the syn-
apse (30). In this way, lck may be allowed to phosphorylate the

FIGURE 7. Differential phosphorylation of p56lck associated with either
CD4wt or CD4mut molecules. A, Lysates from 3DT52.5.8 T cells express-
ing either CD4wt chimeric proteins or CD4mut chimeric proteins were
immunoprecipitated with medium alone (lanes 1 and 3) or with the CD4-
specific mAb OKT4 (lanes 2 and 4), then blotted with a phospho-lck
(Tyr505)-specific Ab, with a lck-specific Ab, and with a phospho-Tyr-spe-
cific Ab. The m.w. markers are indicated. B, The level of phosphorylated
p56lck (Y505) was normalized to the level of total p56lck protein (total lck),
and the ratio was graphed for both wt and mut transfectants. Data shown
is the average ratio for three independent experiments.
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TCR-associated, signal-transducing CD3 polypeptides (30, 56,
57). A 2-fold difference in the phosphorylation state of the critical
proximal kinase for TCR stimulation may well have much larger
downstream effects, thus explaining the decreased IL-2 production
by the mutant, to a level even below CD4� cells (23).

It can thus be inferred that the balance between monomeric and
dimeric forms of CD4 modulates the threshold of T cell activation.
In this aspect, it would be interesting to quantify and compare the
proportion of dimeric CD4 molecules on the surface of thymocytes
vs peripheral lymphocytes, naive vs memory T lymphocytes, or
primed vs anergic T cells. Furthermore, viral escape mechanisms
may include biasing the proportion of CD4 dimers in favor of
monomers on the cell surface. Whether CD4 dimerization is reg-
ulated from the inside (e.g., lck dissociation, binding of intracel-
lular ligands (linker for activation of T cells, ACP33) or viral pro-
teins (HIV nef), raft localization) or from the outside (e.g.,
extracellular membrane-bound or soluble ligands (e.g., IL-16, HIV
gp120/160), redox potential of extracellular matrix) remains to be
investigated.
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