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a b s t r a c t

T cell activation requires both antigen specific and co-stimulatory signals that include the interaction of
CD28 with its ligands CD80 and CD86. These signals are delivered by antigen presenting cells (APC) in the
context of the immunological synapse (IS). Reorganization of the cytoskeleton is required for the forma-
tion and maintenance of the IS. Our results show that a highly conserved polylysine motif in CD86 cyto-
plasmic tail, herein referred to as the K4 motif, is responsible for the constitutive association of CD86 to
the cytoskeleton in primary human APC as well as in a murine APC model. This motif is not involved in
initial APC:T cell conjugate formation but mutation of the K4 motif affects CD86 reorientation at the IS.
Importantly, APCs expressing CD86 with mutated K4 motif are severely compromised in their capacity to
trigger complete T cell activation upon peptide presentation as measured by IL-2 secretion. Altogether,
our results reveal the critical importance of the cytoskeleton-dependent CD86 polarization to the IS
and more specifically the K4 motif for effective co-signaling.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Initiation of adaptive immune response requires the interaction
of naïve T cells with antigen presenting cells (APC), dendritic cells,
B cells, and macrophages, in the context of an immunological syn-
apse (IS) [1]. Two key signals are required for full activation of
naïve T cells. The first signal requires the interaction of the TCR
with MHC:peptide and confers antigen specificity to the response.
The second signal entails the interaction of a co-signaling receptor
at the T cell surface with its counter receptor at the APC surface [2].

Key co-signaling interactions of naïve T cell involve the engage-
ment of its receptors CD28 and CTLA-4 by CD80 and CD86 ligands
(B7 proteins; B7-1 and B7-2) expressed on APCs. While CD28-B7
ll rights reserved.
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interaction is involved in amplifying the antigen specific signal,
CTLA-4-B7 interaction is known to dampen the strength of this sig-
nal [3]. The molecular interactions of these molecules require the
formation of a contact interface i.e. the IS. Movement of signaling
components and cell-surface molecules of T cells and APCs into
the IS is not a passive event and requires remodeling of the actin
cytoskeleton [4]. Indeed the cytoskeleton regulates molecular
and membrane domains movement and also serves as a scaffold
for signaling platforms in addition to its role in cell motility and
division [5,6]. Increasing evidence shows that the APC cytoskeleton
plays an active role in IS formation and its maintenance [7,8] and
that CD80 and CD86 are involved in this IS formation process [9].
The intracellular domain of CD80 has been shown to interact with
the cytoskeleton and this association impacts its membrane redis-
tribution following T cell interaction and CD28-dependent T cell
activation [10,11]. More specifically, both the RRNE region at posi-
tion 275–278 and serine 284 within CD80 intracytoplasmic do-
main were identified to be important for its co-stimulatory
function [10]. Moreover, Tseng et al. [11] have shown that CD80
deleted of its intracellular domain fails to recruit CD28, CTLA-4
and PKCh to the synapse.
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Analysis of the human CD86 protein primary sequence led us to
identify a conserved positively charged region within the CD86
cytoplasmic domain at residues Lys265-268. This sequence as well
as its localization is similar to the RRNE275-278 region in CD80. This
juxtamembrane stretch of four lysine residues in CD86, defined
herein as the K4 motif, is conserved in all mammalian CD86
sequences examined. Based on the identification of this conserved
motif, we hypothesized that CD86 was associated to the APC cyto-
skeleton and that this association was of functional relevance to its
co-signaling function. We show here that CD86 is indeed associ-
ated to the APC cytoskeleton. Importantly, the association of
CD86 to the cytoskeleton is critical for T cell activation.
2. Materials and methods

2.1. Recombinant DNA constructs

Cloning of CD80wt, CD80DT, CD86wt and CD86DT in the
eukaryotic expression vector Sra neo was previously described
[12]. CD86-K4 was generated by overlap PCR using the following
oligonucleotides: K4 forward

GAAATGGGCGGCGGCGGCGCGGCCTCGCAACTCTTATAAATG, K4
reverse

CATTTATAAGAGTTGCGAGGCCGCGCCGCCGCCGCCCATTTCC,
CD86 start

GGCTGACCCGGGTCTGAGCCACCATGGGACTGAGTAACATTCTC
and CD86 end

GTATCTTATCATGTCTGGATCC. CD86-K4 was cloned into the Sra
neo vector as a BamHI/ SmaI fragment. CD80 and CD80DT were
cloned into the pEYFP-N1 expression vector (Clontech) following
amplification with oligonucleotides providing a 50 XhoI and a 30 Sa-
cII restriction site. The sequence of the oligonucleotides were:
CD80FwdCTCGAGGCCACCATGGGCCACACACGG and CD80Rev

CCGCGGTACAGGGCGTAC.
2.2. Antibodies and reagents

Antibodies used in this study included PE-conjugated anti-hu-
man CD80 and PE-conjugated anti-human CD86 (BD Biosciences)
for FACS staining and a polyclonal rabbit antibody against YFP
(BD Biosciences) for immunoblotting. NF-jB antibody was ob-
tained from Cell Signaling. All secondary antibodies were from
Molecular Probes. Anti-human CD83, anti-human TCR, anti-human
CD19 and anti-human CD14 used for DC phenotyping were from
BD Biosciences.
2.3. Cell lines

Murine B2D cells are derived from the P815 mastocytoma cell
line stably transfected with HLA-DR0101 [13]. Human CD28 nega-
tive and positive Jurkat T cells (CD28neg and CD28pos Jurkat T
cells) derived from the CH7C17 Jurkat T cell line expressing a
V1.2/V3.1 TCR specific for HA306-318peptide restricted to HLA-
DR0101 have been already described elsewhere [14]. The Daudi B
cell line and 293T cells were obtained from ATCC.
2.4. CD28Fc binding assay

Stable cell lines expressing the different mutant forms of CD86
were incubated for 1 h at 4 �C with various concentrations of
CD28Fc (R&D Systems). Cells were then washed and incubated
for an additional 30 min with a secondary antibody specific for hu-
man Fc coupled to Alexa fluor 647. After washing, cells were fixed
in 2% paraformaldehyde and analyzed at the cytometer.
2.5. Dendritic cell (DC) generation and culture

Human PBMCs obtained from healthy donors were depleted of
CD3+ T cells using the rosetteSep kit (StemCell). CD14+ cells were
then isolated by autoMACS (>95% purity). Monocytes were plated
at a density of 3 � 106 cells per well in 6-well tissue-culture plates
in 3 ml RPMI1640 medium supplemented with 1% human serum,
100 U/ml penicillin, 100 lg/ml streptomycin, 10 mM HEPES,
2 mM L-glutamine, 1% non-essential amino acids, 200 U/ml IL-4
(Sigma) and 1000 U/ml GM-CSF (Cangene). Cells were supplied
with 1.5 ml of fresh medium containing the same amounts of IL-
4 and GM-CSF on days 2, 4, and 6. Mature DCs (mDCs) were ob-
tained by harvesting non-adherent cells (immature DCs) on day 7
and stimulated with MCM-mimic consisting of 1 ng/ml TNF-a
(Invitrogen), 10 ng/ml IL-1b (Invitrogen), 1 g/ml PGE2 (Sigma),
and 1000 U/ml IL-6 (Invitrogen) for 48 h. DC purity was assessed
by flow cytometry using fluorescently conjugated monoclonal
antibodies against CD14, CD19, CD83, CD86, HLA-DR, and TCR.
DC purity was consistently higher than 95%.

2.6. Biochemical fractionation

The protocol used for subcellular fractionation was previously
described [15]. Briefly 10 � 106 transfected 293T cells, 10 � 106

dendritic cells or 30 � 106 B2D cell lines were pelleted, washed
in PBS, resuspended in hypotonic solution (10 mM HEPES pH 6.9,
10 mM KCl, protease inhibitors) and incubated on ice for 20 min.
Cells were disrupted by gentle pipetting. Nuclei were pelleted by
centrifugation at 3200 rpm for 10 min at 4 �C. Supernatants from
pelleted nuclei were further centrifuged at 35000 rpm for 30 min-
utes at 4 �C. The cytosolic fraction was separated from the pellet
(cytoskeletal plus membrane fractions) and was resuspended in
NTENT buffer (500 mM NaCl, 10 mM Tris–HCl pH 7.2, 1 mM EDTA,
protease inhibitors and 1% Triton X-100). This fraction was centri-
fuged at 14 000 rpm for 30 min at 4 �C. The resulting pellet, was
resuspended again in NTENT buffer and included the cytoskeletal
fraction, while the membrane fraction was found in the
supernatant.

2.7. Conjugate formation

APC were pre-pulsed with 10 g/ml of HA306-318 peptide for 2 h
at 37 �C. 2 � 106 cells consisting of 1 � 106 T cells and 1 � 106

HA-loaded B2D cell lines were co-cultured in a 37 �C water bath
and then resuspended in PBS supplemented with 2% paraformalde-
hyde for 20 min. Cells were then washed in PBS and stained with
PE-Cy5-conjugated anti-human MHC class I (T cells) and PE-conju-
gated anti-CD86 (APC) monoclonal antibodies for 1 h at 4 �C. Cells
were washed and analyzed using a BD FACS Scan flow cytometer.

2.8. Imaging of immunological synapse

Cells were co-cultured as described above and deposited on
poly-L-lysine coated slides for 5 min, spun at 600 rpm for 1 min,
fixed in 10% formalin and then stained for CD86. Experiments with
DCs were performed using 1 � 106 cells. Images were acquired on a
Leica Confocal microscope, using a 63� oil-immersion objective.
An average of 10 images per condition were taken for each inde-
pendent experiment. Synaptic recruitment analysis was performed
with the Northern Eclipse software. A fluorescence ratio was ob-
tained by dividing the Mean Fluorescence Intensity (MFI) at the
synapse with the total cell MFI. A ratio of 1 indicates that the pro-
tein is homogenously distributed at the cell surface (no specific
accumulation at the interface) while a ratio greater than 1 indi-
cates a specific accumulation of the protein of interest [16]. Results
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are expressed as the fold-increase in the fluorescence ratio since
baseline ratio (prior to contact) is equal to one.

3. Results

3.1. CD86 is associated to the cytoskeleton

The cytoplasmic tail of CD80 harbors residues important for
CD80 association with the cellular cytoskeleton [10,17]. However,
no direct biochemical evidence for CD80 cytoskeletal association
has been reported. Therefore, we first verified CD80 subcellular
localization by separating the cytoplasmic (Cyt), membrane (M)
and cytoskeletal (Sk) subcellular fractions from cells expressing
the wild type CD80 molecule. The fractionation procedure involves
the removal of nuclei by hypotonic lysis and centrifugation while
the other fractions are obtained by detergent solubilization and dif-
ferential centrifugation. This assay has previously allowed detecting
the association of CD95 with the cytoskeleton [15]. 293T cells were
transfected with YFP-tagged CD80 wild type (CD80wt) or CD80 de-
leted of its intracellular domain (CD80DT) and then subjected to cel-
lular fractionation. Immunoblotting of the different cellular
subfractions using YFP-specific antibodies revealed the presence
of CD80wt in both the membrane and cytoskeletal fractions
(Fig. 1A, left panel), thereby confirming that CD80 is associated to
the cytoskeleton. This association was further confirmed as deletion
of CD80 intracellular domain resulted in the absence of any detect-
able CD80 in the cytoskeletal fraction. As a control, these fractions
were subjected to p38 immunoblotting since p38 kinase is signifi-
cantly enriched in the cytoplasm. As expected, p38 signals were
only detected in the cytoplasmic fractions (Fig. 1A, right panel).
We then used the same procedure to investigate the potential asso-
ciation of CD86 to the cytoskeleton. Fractionation of the different
cellular compartments was performed, as described above, in pri-
mary human DCs derived from CD14+ precursors (n = 2). CD86
was detected in the membrane and cytoskeletal fractions of both
immature (Fig. 1b, left panel) and mature human DCs (Fig. 1b, center
panel). As a control, the DCs subcellular fractions were subjected to
NF-jB probing. This molecule was either greatly enriched or only
present in the cytoplasmic fractions thereby confirming the speci-
ficity of our fractionation approach. These results show that CD86
is associated to the cytoskeleton in primary professional APC.

We next transfected the murine mastocytoma B2D cell line with
wt CD86, a cell line that has been shown to be a valid APC [13]. As
shown in Fig. 1Ab (right panel) CD86 was present in the membrane
as well as in the cytoskeletal fractions from these transfected cells
Fig. 1. Sub-cellular distribution of CD80 and CD86. (A) CD80 sub-cellular localization was
CD80 or CD80DT (n = 3). YFP immunoblotting is shown in left panel and p38 immunoblo
CD86-transfected B2D cells. CD86 immunoblotting reveals that CD86 is associated to t
(n = 2). NF-jB probing shows enrichment of this molecule in the cytoplasmic fractions (
expressing CD86wt reveals that CD86 is associated to the cytoskeleton (right panel, n =
(immunoblotting, n = 3). All fractions were subjected to NF-jB prob-
ing to assess the purity of each fraction and, as expected, NF-jB was
either greatly enriched or only present in the cytoplasmic fractions
(Fig. 1B).

3.2. A conserved K4 motif in the cytoplasmic tail of CD86 is required for
association to the cytoskeleton

The cytoplasmic tail of CD86 encompasses a highly conserved
juxtamembrane polylysine motif (Lys265-268), or K4 motif
(Supplementary Fig. 1A). To assess the role of this motif in CD86
association to the cytoskeleton, constructs encoding either CD86
wild type (CD86wt), CD86 truncated of its intracellular domain
(CD86DT) or CD86 in which the four-lysine residues of the K4 motif
were mutated to alanines (CD86-K4) were generated (Supplemen-
tary Fig. 1B). These constructs were transfected into the murine mas-
tocytoma B2D cell line that also stably expresses HLA-DR0101 [13].
Stable cell lines were sorted to obtain clonal populations expressing
similar surface levels of CD86, as established by flow cytometry
using monoclonal antibodies specific to CD86 (Fig. 2A). Similarly,
equal HLA-DR0101 MFI values (1100–1200) were consistently mea-
sured with the transfected cells expressing the different CD86 mu-
tants. As shown in Fig. 2B, these cell lines specifically bound to
CD28Fc in a dose-dependent manner as assessed by flow cytometry.
Non-transfected B2D cells showed a background of 1–5% under non-
saturating concentrations of CD28Fc (data not shown).

To assess the requirement for the K4 motif in maintaining CD86
sub-cellular localization integrity, we applied the same fraction-
ation procedure described earlier to the different CD86 stable cell
lines. Our data show that CD86 was excluded from the cytoskeletal
fraction in CD86-K4-expressing cells while it maintained its pres-
ence in the membrane fraction (Fig. 2C, right panel), compared to
the CD86wt that partitioned to both membrane and cytoskeleton
fractions (Fig. 2C, left panel). As expected, the CD86 molecule trun-
cated of its cytoplasmic tail, CD86DT, was detected only in the
membrane fraction (Fig. 2C center panel). Altogether, these data
clearly show that the K4 motif is a cytoskeletal association motif.

3.3. CD86 cytoskeletal association is important for IS localization but
does not affect conjugate formation

The CD80 cytoplasmic tail has been shown to not only be impor-
tant for early IL-2 production by murine T cells but also for the
integrity of CD80 spatial segregation at the IS [11]. We investigated
the functional importance of CD86 cytoskeletal association on the
assessed by sub-cellular fractionation using 293T cells transfected with YFP-tagged
tting in the right panel. (B) CD86 sub-cellular distribution on natural APCs (DCs) and
he cytoskeleton in immature (left panel) and mature (center panel) dendritic cells
lower blots). Similar to the natural APCs, CD86 immunoblotting from B2D cell line
3).



Fig. 2. Expression and binding capacity of the different CD86 clones. (A) Flow cytometry histograms showing CD86 staining of CD86wt cells, two independently derived
CD86-K4 clones and CD86DT cells. Non-transfected B2D cells were used as a negative control for CD86 staining. (B) Binding of B2D cell lines to soluble CD28 at the various
concentrations as indicated. (C) Sub-cellular distribution of CD86wt and mutated clones in B2D cells. NF-jB probing shows enrichment of this molecule in the cytoplasmic
fractions of CD86 clones.
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early events of T cell activation, i.e. the formation of conjugates be-
tween T cells and APCs, by flow cytometry (n = 3). CD28 positive or
negative (CD28pos or CD28neg) Jurkat T cell lines expressing a
Va1.2/Vb3.1 TCR recognizing the HA306-318 peptide presented by
HLA-DR0101 were co-cultured for 0 to 45 min with B2D APC pre-
loaded with the HA306-318 peptide. Cells were then fixed and T cells
were stained with PE-Cy5-conjugated anti-human MHC class I while
the B2D cell lines were stained with anti-human PE-conjugated
CD86. T cell-APC conjugates were assessed by measuring the num-
ber of PE/PE-Cy5 double positive events by flow cytometry (Fig. 3,
panel A). A background level of T cell-APC conjugates consistently
below 3% was observed when B2D APC were not pre-loaded with
HA peptide (data not shown) as well as when CD28neg Jurkat T cells
were used (Fig. 3, panel B). For CD28pos Jurkat T cells, kinetic anal-
ysis showed that a maximum frequency of conjugates (26.6%) was
obtained at 45 min, representing a 12.5-fold difference as compared
to CD28neg Jurkat T cells (Fig. 3, panel B). No difference in the effi-
ciency of T cell-APC conjugate formation was observed between
CD86wt and CD86-K4 cells (Fig. 3, panel A and B).
3.4. The K4 motif is important for the polarization of CD86 to the IS

Both CD80 and CD86 have been shown to be present at the IS in
various experimental models [11,18]. To study the re-localization
of CD86 at the IS, HA-pulsed primary mature DCs (Fig. 4, panel
A) derived from a HLA-DR0101+ donor were co-cultured with
CD28pos Jurkat T cells at a 1:1 ratio for 15 min. Confocal images
were analyzed by measuring the ratio between the mean fluores-
cence intensity (MFI) of CD86 at the interaction interface and that
of the whole cell [16]. Two independent experiments in mDCs
showed CD86 to be polarized towards the interaction interface
with a fluorescence ratio of 1.85 ± 0.33 (Fig. 4, panel A and
Supplementary Table 1).
In three independent experiments using B2D cell lines as APC,
CD86 was strongly polarized at the IS interaction interface after
30 min of interaction between CD86wt and CD28pos Jurkat T cells,
with a fluorescence ratio of 2.58 ± 0.38 (Fig. 4, panel B and
supplementary Table 1). Polarization in CD86-K4 cells was much
less significant, with a fluorescence ratio of 1.29 ± 0.21. These data
clearly show that the integrity of the K4 motif was required for suc-
cessful re-localization of CD86 to the IS.

3.5. The K4 motif of CD86 is critical for IL-2 production by T cells upon
activation

The physiological relevance of CD86 cytoskeleton association
through the K4 motif in late events of T cell activation was then as-
sessed. IL-2 secretion of CD28pos Jurkat T cells in response to anti-
gen specific TCR triggering was measured by ELISA following an
overnight co-culture with APC expressing highly similar levels of
CD86wt, CD86-K4 or CD86DT (as shown in Fig. 2A) loaded with
varying HA peptide concentrations (Fig. 4C). The system used here-
in is highly dependent on co-stimulation; only HLA-DR0101+

CD86wt cells triggered IL-2 production by T cells while HLA-
DR0101+ CD86- B2D cells failed to induce cytokine production even
in the presence of optimal concentrations of HA peptide (p < 0.05).
Deletion of CD86 intracellular domain almost completely abro-
gated IL-2 production while two independently derived CD86-K4
clones induced drastically lower IL-2 levels when compared to
CD86wt at all tested concentrations of HA peptide (Fig. 4C).

4. Discussion

The goal of this study was to establish if CD86 was associated to
the cytoskeleton and to determine the functional relevance of such
association. Using a biochemical fractionation approach allowing



Fig. 3. CD86 association to the cytoskeleton does not affect conjugate formation. (A) B2D cell lines pre-pulsed with 10 mg/ml HA306-318 peptide for 2 h at 37 �C were co-
cultured with CD28pos and CD28neg Jurkat T cells for 0 to 45 min and then stained with PE-conjugated anti-human CD86 and PE-Cy5-conjugated anti-human MHC Class I.
Double positive (PE+/PE-Cy5+) events represent conjugates. (B) Bar graph representation of the average results of 3 independent experiments as performed in A.
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the distinction between cytoplasmic, membrane and cytoskeletal
fractions [15] we showed that CD86, as previously shown for
CD80, was associated to the cytoskeleton. This association requires
the intracellular domain of CD86 and more specifically the K4 mo-
tif thereby identifying this sequence stretch as a cytoskeleton asso-
ciation motif in CD86.

Having established the association of CD86 to the cytoskeleton
and having delineated the involved motif, we aimed at demon-
strating the functional relevance of such findings. We first showed
that CD86 association to the cytoskeleton was not involved in the
initial T cell-APC conjugate formation since no difference in the for-
mation efficiency was observed between CD86wt and CD86-K4
cells. These results are in agreement with the suggested adhesion
role mediated by CD86/CD28 interactions in the earliest events
of T cell-APC contacts [19]. On the other hand, CD86 association
to the cytoskeleton is important for CD86 re-localization at the
interaction interface when contacting T cells as shown by our
imaging experiments. Our results also indicate that CD86 is ac-
tively recruited and/or retained at the IS in a cytoskeleton-depen-
dent fashion since CD86 mutated in its K4 motif (CD86-K4), which
prevents its interaction with the cytoskeleton, does not accumulate
at the IS following T cell interaction. Our findings are thus in agree-
ment with previous studies showing the importance of the APC
cytoskeleton in the formation of peptide-dependent IS [7,20]. Of
note, CD86 cytoskeletal association is functionally relevant since
IL-2 production by T cells is almost completely abrogated following



Fig. 4. CD86 localization to the IS requires the K4 motif. (A) Human mature dendritic cells derived from a HLA-DR0101+ donor were pre-pulsed with HA306-318 peptide for 2 h
at 37 �C and co-cultured with CD28pos Jurkat T cells for 15 min at 37 �C. Cells were then spun onto a slide, fixed and stained for CD86 (shown in green). (B) CD86wt cells also
present relocalisation of CD86 at the interface after 30 min of interaction with CD28pos Jurkat T cells whereas CD86-K4 cells do not show such relocalisation. Representative
images of two (A) and three (B) independent experiments are shown. (C) CD86wt and two different CD86-K4 cellular clones expressing comparable levels of CD86 were co-
cultured overnight with CD28pos Jurkat T cells at a 1:1 ratio with various concentrations of HA306-318 peptide as indicated and IL-2 production was measured by ELISA.
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stimulation by APC expressing the CD86 molecule mutated in its
cytoskeletal association motif.

Altogether, we suggest a reciprocal two-signal model in APC
that would involve a first signal triggered through adhesion or
MHC molecules [21,22] inducing the cytoskeleton-dependent
recruitment or retention of co-signaling molecules at the immuno-
logical synapse. Signaling through adhesion or MHC molecules
would require initial conjugate formation through cytoskeletal
relaxation [23] and CD28-CD86 dependent adhesion as inferred
by our data and others [14]. The second signal would involve the
stable interaction between CD80/CD86 molecules with their coun-
ter-receptors for proper and sustained co-signaling. This reciprocal
two-signal model highlights the bi-directional nature of signaling
in the IS [24] that leads to cytoskeletal rearrangements thereby
creating an optimal environment for CD28-B7 interaction and
function.
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