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Ligation of CD28 by Its Natural Ligand CD86 in the Absence
of TCR Stimulation Induces Lipid Raft Polarization in Human
CD4 T Cells1
Birgit Kovacs,* Richard V. Parry,† Zhengyu Ma,* Emily Fan,* Debra K. Shivers,*
Benjamin A. Freiberg,‡ Anna K. Thomas,† Robert Rutherford,† Catherine A. Rumbley,†
James L. Riley,2,3† and Terri H. Finkel2,3*
Stimulation of resting CD4 T cells with anti-CD3/CD28-coated beads leads to rapid polarization of lipid rafts (LRs). It has been
postulated that a major role of costimulation is to facilitate LR aggregation. CD86 is up-regulated or expressed aberrantly on
immune cells in a wide array of autoimmune and infectious diseases. Using an Ig fusion with the extracellular domain of CD86
(CD86Ig) bound to a magnetic bead or K562 cells expressing CD86, we demonstrated that ligation of CD28 by its natural ligand,
but not by Ab, induced polarization of LRs at the cell-bead interface of fresh human CD4 T cells in the absence of TCR ligation.
This correlated with activation of Vav-1, increase of the intracellular calcium concentration, and nuclear translocation of NF-B
p65, but did not result in T cell proliferation or cytokine production. These studies show, for the first time, that LR polarization
can occur in the absence of TCR triggering, driven solely by the CD28/CD86 interaction. This result has implications for mechanisms of T cell activation. Abnormalities in this process may alter T and B cell tolerance and susceptibility to infection. The
Journal of Immunology, 2005, 175: 7848 –7854.

O

ne of the most important paradigms of T cell activation
is the requirement of two distinct signals for the effective
activation of Ag-specific T cells: signal 1, which represents the Ag-specific component via the TCR, and signal 2, which
is noncognate and is also called the “costimulatory” signal (1). The
CD28/B7 pathway represents a prominent costimulatory pathway
for T cells. However, the issue of whether CD28/B7 signaling is
completely dependent on signal 1 (or TCR signaling) or whether
ligation of CD28 also results in activation of TCR-independent
signaling pathways has not been fully resolved. Independent early
signaling events through CD28 have been described, among them
the activation of PI3K (2) and an increase in intracellular calcium
concentration (3). Recently, it has been reported that cross-linking
of CD28 leads to phosphorylation of Vav-1 (4) and GSK-3 (2).
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However, CD28-cross-linking alone does not lead to proliferation
of T cells or release of cytokines (5) and it is still poorly understood which of the signaling pathways initiated through CD28
complement TCR activation and which ones are independent.
Lipid rafts (LRs)4 are distinct T cell membrane compartments
involved in T cell signaling. They serve as platforms for recruiting
and concentrating signaling components (6) and thus enable the
close interaction of essential molecules during the cell activation
process. Movement of the rafts accompanies changes in LR composition: in the early stages of T cell/APC interaction, LRs are
enriched with signal transduction molecules and cluster in the region of the immune synapse (7). Viola et al. (8) showed, using a
cell/bead system, that in the presence of TCR ligation, binding of
CD28 is also required for the recruitment of LRs to the cell/bead
contact region. In this study, we show that ligation of CD28 by its
natural ligand CD86 alone can induce LR polarization. This suggests that LR polarization in primary human CD4 T cells is not
only driven by a costimulatory signal, it can also be independent of
a TCR signal. We also show that important T cellular signaling
pathways involved in T cell activation (e.g., increase of intracellular calcium concentration, translocation of NF-B to the nucleus,
and gene transcription) can be initiated through CD28 alone. Considering that CD28/B7 interactions between an APC and T cell
will likely occur before much lower density and lower affinity
MHC Ag/TCR interactions, our data suggest that the signal
through CD28 may play an important role in the proper initiation
of T cell activation. These studies may also advance the understanding of the pathogenesis of autoimmune or infectious diseases,
specifically systemic lupus erythematosus (SLE) and HIV-1 infection, which are noted for having aberrant CD86 expression.
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Materials and Methods

Recording of calcium flux

Cell purification, generation of artificial APCs (aAPCs), and
activation conditions

Jurkat T cells (American Type Culture Collection) were labeled with the
calcium-sensitive dye fura-2 (Molecular Probes), settled onto cell culture
dishes at 37°C for 20 min and transferred to a Zeiss Axioplan microscope
equipped with a heated stage. Fluorescence excitations at 340 and 380 nm,
image recording, and analysis were performed as previously described (12)
using Slidebook software (Intelligent Imaging Innovations). For cell activation, K562 cells transfected with CD32 and CD86 or CD32 alone were
added to the culture dish at t ⫽ 0 s and pictures were recorded at regular
intervals. At the end of each experiment, different focal planes were
scanned to ensure that the recorded cells had formed proper conjugates
with the K562 cells. All picture sequences were saved as movies using
QuickTime (Apple) software and still pictures were taken from these movies to create Fig 5.

PBLs were obtained from normal donors by leukopheresis and elutriation,
and CD4 T cells were purified by negative selection as described (9). Initial
T cell preparations were ⬎94% CD3⫹CD4⫹.
Two different systems of aAPCs were used to stimulate CD4 T cells. To
prepare Ig fusion with the extracellular domain of CD86 (CD86Ig)-coated
beads, CD86Ig (a gift from B. Carreno, Inflammation, Wyeth Research,
Cambridge, MA) was coated on tosyl-activated M-450 magnetic beads
(Dynal Biotech) as per the manufacturer’s instructions. Beads containing
only anti-CD3 (OKT3), anti-CD28 (9.3, mouse IgG2a), anti-CD28 (5D10,
mouse IgG1), or an equal mixture of anti-CD3 and anti-CD28 (CD3/28),
were prepared as described (10). In some experiments, K562 cells (American Type Culture Collection) transfected with CD32 or both CD32 and
CD86 were used as aAPCs (11).

Generation and purification of linker for activation of T cells
(LAT)-GFP transfected human CD4⫹ T cells
A total of 5 ⫻ 106 purified human CD4⫹ T cells were washed and resuspended in 100 l of the Nucleofector solution (Amaxa VPA-1002; T Cell
Solution) added with 2 g of LAT-GFP plasmid (12) and transfected with
Amaxa electroporation. The transfected cells were incubated in a 12-well
plate containing 2 ml of RPMI 1640 complete media at 37°C for 24 h. The
cells were suspended in 2% PBS/FBS and sorted for GFP-positive CD4 T
cells by flow cytometry.

Proliferation assay
A total of 100,000 CD4 T cells were stimulated with aAPC at a 3:1 aAPC:T
cell ratio in 96-well plates. A total of 18 h prior to harvest, cultures were
pulsed with 1Ci/well [3H]thymidine (DuPont NEN). Cell harvesting and
[3H]thymidine incorporation was performed as previously described (11).

Quantitative RT-PCR
Primers and probes to detect early growth response (EGR) 1, IL-2, and 28S
rRNA were designed using Primer Express software (Applied Biosystems)
and are available upon request. Purification of cytosolic RNA, reverse transcription, and real-time PCR amplification and product detection were performed as previously described (14).

Immunofluorescence staining and microscopy
CD4 T cells were incubated with aAPCs at a 1:3 APC:T cell ratio for
various times at 37°C, settled onto poly-L-lysine-coated coverslips, fixed,
and labeled for GM1, as previously described (13). When K562 cells were
used as aAPCs, T cells were first labeled with biotinylated cholera toxin B
(CTB; Sigma-Aldrich), then incubated with K562 cells, fixed and labeled
with streptavidin-Cy3 (Sigma-Aldrich). For quantification of LRs, 20 cell
bead conjugates and 30 cell/K cell conjugates were identified in each experiment and the percentage of conjugates with LR polarization was calculated. For the experiments with the LAT-GFP transfected human CD4⫹
T cells, GFP-positive cells were spun together with K86 or K32 cells at a
1:1 ratio at 300 ⫻ g for 1 min and incubated at 37°C for 5 min for conjugate formation. The cells were then gently resuspended in media and
incubated on coverslips coated with poly-L-lysine for 5 min at 37°C before
fixation with 3% formaldehyde/PBS for 15 min at room temperature.
Staining for NF-B p65 and the cell nucleus was performed using a
polyclonal anti-p65 antiserum (Santa Cruz Biotechnology) and 4⬘,6⬘-diamidino-2-phenylindole (Sigma-Aldrich), followed by donkey-anti goat
Cy3 (The Jackson Laboratory). In some experiments, the T cells were
preincubated with anti-CD28 Fab (prepared using the ImmunoPure Fab
Preparation kit; Pierce), prior to stimulation of the cells with CD86Ig
beads.
Immunofluorescence and corresponding Nomarski images of T cell/
aAPC conjugates were recorded as previously described (13). Within each
experiment, all images were normalized to the same range of intensity. To
quantitate the polarization of GM1 to the cell-aAPC contact area, data
masks of equal size were drawn around the cell-aAPC contact area, the
regions of the T cell not in contact with the aAPC and a background area
outside of the conjugate. The relative recruitment index (RRI) of LRs was
calculated as follows: (mean fluorescence intensity (MFI) at the contact
area ⫺ background)/(MFI at regions not in contact with aAPC ⫺ background). For the analysis of translocation of p65 to the nucleus, data masks
were created to include the 4⬘,6⬘-diamidino-2-phenylindole staining (⫽the
nucleus) for each cell-bead conjugate. Within each mask the MFI for Cy3
(⫽p65) was measured.
Statistical significance was calculated using the Student t test.

Western blotting
A total of 10 million T cells was stimulated with magnetic beads loaded
with either anti-CD28 and anti-MHC class I, anti-MHC class I alone, antiCD28 or CD86Ig for 1, 5, or 15 min. Cells were lysed as previously described (14). Vav-1 was coupled with 1 g of anti-human Vav-1 Ab (Upstate Biotechnology) and immunoprecipitated with protein G-Sepharose
beads. Immunoprecipitates were resolved by SDS-PAGE and transferred to
nitrocellulose. Blots were probed with anti-phospho-Vav-1 (BioSource International), stripped, and reprobed with anti-human Vav-1 Ab. Blots were
visualized as described previously (14). Densitometry was performed using
the Bio-Rad Gel Doc EQ Gel Documentation System.

Results
Ligation of CD28 by CD86Ig can polarize LRs to the aAPC/
CD4 T cell contact region
Previous work (11) has shown that the accumulation of LRs at the
T cell/APC contact site, in resting CD4 T cells, depends on the
simultaneous ligation of CD3 and CD28. In those experiments,
Viola et al. (8) used Abs bound to beads to ligate the T cell surface
receptors. Because there are affinity differences between Ab and
natural ligand, we postulated that ligation of CD28 by its natural
ligand, CD86, triggers T cells in a sufficiently different manner to
induce LR polarization in the absence of TCR ligation. Accordingly, beads coated with CD86Ig alone led to polarization of LRs
(Fig. 1, D and K). There was no difference in the frequency of LR
polarization in response to CD86Ig when primary mixed CD4 T
cells were compared to purified naive or memory T cells (data not
shown). We did not observe LR polarization in T cells stimulated
with either anti-CD3 (data not shown) or anti-CD28 (CD28) 9.3
coated beads (Fig. 1F), but did observe LR polarization upon stimulation with anti-CD3/28 (CD3/28)-coated beads (Fig. 1B). Beads
coated with an anti-CD28 Ab (5D10) that can induce proliferation
in the absence of TCR stimulation did not induce LR polarization
(Fig. 2). Thus, LR polarization could be achieved using a natural
ligand of CD28 and without engagement of the TCR.
Although magnetic beads are an excellent tool for the study of
signaling properties of molecules in isolation and have been used
previously as artificial APCs, unlike cell-based APCs, they lack
membrane fluidity and the ability to “cross-talk” with T cells. Recently, we have shown that K562 cells transfected with CD32
(K32 cells) permit the binding of anti-CD3 and anti-CD28 Abs.
Ab-coated K32 cells rapidly expand CD4 T cells (11). K562 cells
lack MHC class II and CD86 expression. Thus, K562 that express
CD86 (K86 cells) are an ideal platform to test whether CD86 can
induce LR polarization in T cells in the absence of TCR engagement. CD86 expression on K86 cells is comparable to that observed on mature DCs (11). Incubation of CD4 T cells with K32
or K86 cells resulted in similar numbers of APC/T cell conjugates,
presumably mediated by the many integrins (e.g., CD54 and
CD58) that K562 cells express (11). However, only K86 cells were
able to induce LR polarization in the T cells in a majority of these
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FIGURE 2. Ligation of CD28 by CD86Ig induces the polarization of
LRs in primary CD4 T cells, while ligation of CD28 by the stimulating
anti-CD28 Ab 5D10 does not. Primary human CD4 T cells were incubated
with CD86Ig beads (A and B) or anti-CD28 5D10 beads (C and D) for 30
min and stained with anti-GM1. Data are representative of two
experiments.

FIGURE 1. Ligation of CD28 by CD86 induces the polarization of LRs
in primary CD4 T cells. Primary human CD4 T cells were incubated with
CD3/28 beads (A and B), CD86Ig beads (C and D), or CD28 beads (E and
F) for 30 min and stained with CTB-FITC. In H and J, cells were prelabeled with CTB-Bio and then incubated with K86 (G and H) or K32 (I and
J) cells for 30 min prior to staining with streptavidin-Cy3. Data are representative of four experiments (A–F) and two experiments (G–J), respectively. K, Quantification of LR polarization from the experiments with
beads/T cells (average ⫾ SEM of four experiments) and K cells/T cells
(average ⫾ SD of two experiments). In L, the RRI of GM1 to the cell/
aAPC contact area was calculated as described in Materials and Methods.
It represents the mean ⫾ SD of 20 cells from two different experiments. ##,
p ⫽ 0.06 and #, p ⫽ 0.04 vs CD28 beads.

conjugates (Fig 1, H vs J and K), indicating the importance of
CD28 signaling in this process.
Quantification of our experiments showed that ⬃60% of
CD86Ig bead/T cell conjugates, 70% of CD3/28 bead/T cell conjugates, 62% of K86/T cell conjugates, 22% of K32/T cell conjugates, but only 4% of CD28 bead/T cell conjugates, showed LR
polarization (Fig. 1K). The fact that LR polarization can be seen to
a certain extent in K32 cells (which do not express CD86) is probably due to binding and signaling of other molecules (e.g., adhesion factors). There was no difference in the amount of LR polarization when primary mixed CD4 T cells were compared to
purified naive or memory cells (data not shown). Fig. 1L shows the
relative recruitment index of LRs to the cell-aAPC contact site, as
previously calculated by Tavano et al. (15). Cells incubated with
CD3/28 beads showed the greatest extent of polarization (mean

index 4.1, p ⫽ 0.06, vs CD28 beads), followed by CD86Ig beads
(mean index 2.2, p ⫽ 0.04, vs CD28 beads).
It was shown recently that B7-dependent costimulation can
function in mice that lack CD28 and CTLA-4 (16), indicating that
there might be an additional receptor for B7 on T cells. It is possible that the LR polarization we observe in response to CD86Ig is
mediated by a receptor other than CD28 on the T cells. To explore
this, we preincubated the CD4 T cells with an anti-CD28 Fab Ab
prior to stimulation of the cells with CD86Ig beads. This completely inhibited bead-cell conjugate formation (Fig. 3B), indicating that CD86Ig on the beads primarily binds CD28, and that
CD28 is required to promote a stable interaction between the bead
and the T cell. Similarly, preincubation of T cells with anti-CD28
Fab prior to stimulation with K86 cells inhibited the polarization of
LRs (Fig. 3G).
Ligation of CD28 by CD86Ig can activate early signal
transduction pathways in CD4 T cells
Other studies have addressed CD28 signaling after Ab engagement
in human T cells (17) and Kaga et al. (18) showed that B7.2 expressed on CHO cells can induce actin polymerization in mouse
lymph node T cells. However, there is limited information about
early signal transduction events in resting human T cells when
CD28 is stimulated by its natural ligand. We investigated whether
binding of CD28 by CD86Ig can induce phosphorylation of Vav-1.
We chose Vav-1 because it cooperates with CD28 to induce
NF-B activation (19, 20) and is essential for LR clustering in T
cells (21). Furthermore, in a Vav-1 overexpression system using
Jurkat T cells, Michel et al. (22) showed that ligation of CD28 by
B7.1 could induce phosphorylation of Vav. Incubation of resting
CD4 T cells with CD86Ig beads induced a marked increase in
Vav-1 phosphorylation, whereas the response following incubation of CD4 T cells with Ab-coated beads was much less pronounced (Fig 4). The CD28-induced phosphorylation of Vav-1
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FIGURE 3. Interaction of B7 and CD28 is required
for LR polarization in resting CD4 T cells. A and B,
CD4 T cells were incubated with CD86Ig beads for 30
min and Nomarski images were obtained. B, cells were
preincubated with an anti-CD28 Fab Ab, which blocked
cell/bead conjugate formation. The data are representative of two experiments with different donors. C–H,
CD4 T cells were transfected with a GFP-LAT construct
and incubated with K86 cells (C, D, G, and H) or K32
cells (E and F) for 5 min prior to fixation. G and H, T
cells were incubated with anti-CD28 Fab prior to incubation with K86 cells, which inhibited LR polarization.

was rapid in onset, seen prominently after 1 min of stimulation and
was sustained after 5 min, returning to baseline by 15 min after
stimulation (data not shown). Resting CD4 T cells alone and CD4
T cells incubated with MHC I beads (anti-MHC I, negative control) had a similar amount of phosphorylated Vav-1 (data not
shown).
Another early signal transduction event in T cells is the increase
in intracellular calcium. We loaded Jurkat T cells with fura-2, and
K86-induced calcium flux was measured using real-time imaging.
Representative images from an experiment are shown in Fig 5.
Jurkat cells that bound to the K86 cells showed an increased intracellular calcium concentration (indicated by the red color),
whereas Jurkat cells not in contact with K86 cells remained in their
resting state (indicated by blue or green). Incubation of K32 cells
with Jurkat cells did not induce calcium flux (data not shown).
Thus, cross-linking of CD28 by its natural ligand, CD86, leads to
the initiation of early signal transduction pathways.
Stimulation of CD28 in the absence of TCR ligation induces
translocation of NF-B p65 to the nucleus and initiates gene
transcription of EGR1
Activation of the NF-B pathway is an important step required for
gene transcription. Although activation of NF-B is thought to be
a result of CD28 activation in the presence of TCR ligation (i.e.,
costimulation; Ref. 23), it is unclear whether NF-B can be activated through stimulation of CD28 alone. We performed experiments using CD3/CD86Ig and CD86Ig beads, respectively, to
stimulate freshly isolated human CD4 T cells, and stained for
NF-B p65 (Fig. 6). As expected, p65 moved to the nucleus after
25 min of activation with CD3/CD86Ig beads (Fig. 6D). Interestingly, translocation of p65 to the nucleus was also observed following activation of the cells with CD86Ig beads alone (Fig. 6D).
The extent of translocation of p65 to the nucleus is shown in Fig.
6M. Less p65 was observed in the nuclei of cells stimulated with
CD86Ig beads alone than in cells stimulated with CD3/CD86Ig
beads. Almost no translocation of p65 to the nucleus was observed

in the nuclei of cells bound to MHC I beads (Fig. 6, L and M,
negative control). These data are consistent with previously published data showing that the magnitude of gene regulation is higher
after CD3 and CD28 coligation, compared to CD28 ligation alone
(9). Of importance, no translocation of p65 to the nucleus was
visible in CD4 T cells that did not form conjugates with beads.
Another intriguing observation was the accumulation of p65 in the
cell/bead contact area after 5 min of activation with CD3/CD86Ig
beads (Fig. 6B) or CD86Ig beads (Fig. 6F). This indicates that,
prior to p65 translocation to the nucleus, p65 is recruited to the
immune synapse, in response to CD86 triggering. This surprising
result implies the functional integration of transcription factors in
the immune synapse after ligation of CD28 by its natural ligand.
To date, only stimuli leading to full T cell activation have been
shown to induce LR polarization. We showed that CD86Ig stimulation was unable to induce cytokine expression (Fig. 7A) or T
cell proliferation (Fig. 7B). The ability of T cells to induce EGR1
expression upon CD86 stimulation was previously demonstrated
(9) and served as a control to demonstrate intact CD86Ig stimulation (Fig. 7C). These results demonstrate that CD86 ligation promotes a variety of signal transduction pathways that may lead to
the regulation of a small subset of genes (24), of which EGR1 is
a representative member. The fact that these signals do not result
in T cell proliferation or cytokine production severs the link between LR polarization and full T cell activation.

Discussion
It has been established that the optimal activation of resting T cells
requires both signal 1, which represents the Ag-specific component
via the TCR, and signal 2, which is noncognate and is also called
the “costimulatory” signal (1). Signaling through the TCR must
clearly be considered “signal 1” in terms of importance, because
without TCR ligation on resting CD4 T cells, cell expansion and
induction of effector functions do not occur. However, in an
APC/T cell conjugate, the density of the receptor/ligand pair,
CD28/B7, is much higher than the density of peptide-MHC/TCR.
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FIGURE 4. Cross-linking of CD28 by CD86 Ig regulates phosphorylation of Vav-1 in human T cells. CD4 T cells were incubated with anti-MHC
class I, anti-CD28, or CD86Ig beads for 1 or 5 min. Vav-1 activation was
detected by Western blot for Tyr160-phosphorylated Vav-1 (top panels,
phospho-Vav). The blot was then stripped and reprobed for total Vav-1
(bottom panels, Vav). Densitometry results are shown above the blots.

Moreover, the binding affinity of CD86 to CD28 is several orders
of magnitude higher than that of the TCR to Ag/MHC complexes.
Thus, signaling through CD28 (“signal n”) might be essential for
preparing the T cell for TCR signaling (“signal n ⫹ 1”) and hence
could be a necessary step in terms of sequential activation of T cell
signaling pathways.
Our experiments show for the first time that ligation of CD28 by
natural ligand alone (without triggering of the TCR) can induce the
polarization of LRs and suggest that signaling via CD28 plays a
more immediate role in the T cell activation process than previously thought. The CD28/B7 ligand pair facilitates and enhances
conjugate formation of APCs and T cells in the absence of TCR
stimulation. Therefore, CD28 might participate in the dynamic organization of the T cell/APC contact area by enhancing conjugate
formation, and by facilitating TCR-mediated signaling through
concentration of essential signaling molecules in the immune synapse. CD28 would thus enhance scanning of the APC for Ag recognition. Of note, recent studies suggest that CD86 is recruited to
LRs on dendritic cells, leading to effective priming of T cells (25).
In contrast to our findings, however, the recruitment of CD86 to
LRs on dendritic cells is Ag dependent.
We have also seen that, in contrast to CD86 beads, beads coated
with an anti-CD28 Ab alone cannot induce polarization of LRs.
Ebert et al. (26) showed that immature CD4⫹CD8⫹ thymocytes do
not polarize LRs in response to TCR-mediated signals and used
anti-CD28 mAb-coated beads in their experiments. However, a
recent study by Hare et al. (27) suggests that when CD80 is introduced on thymic epithelium, CD4⫹CD8⫹ thymocytes show
marked polarization of LRs. These data support our conclusion
that in terms of LR polarization, the signal provided by the B7
family is superior to that of an anti-CD28 mAb.
It remains to be determined which intermediary signaling components are involved in the LR polarization induced by CD86Ig
ligation of CD28. In our experiments, we observed increased phosphorylation of Vav-1 after incubation of resting T cells with
CD86Ig-coated beads. Villalba et al. (21) reported that Vav-1 is
required for recruitment of LRs to the immune synapse, a mechanism that is dependent on intact actin cytoskeleton reorganization.
We observed less Vav-1 phosphorylation after incubation of T
cells with anti-CD28-coated beads. Because CD28 beads also cannot induce LR polarization in the absence of TCR ligation, it is
possible that the additional Vav-1 activation induced by CD86Ig
facilitates the magnitude of signaling needed to induce LR polarization. Recently, Tavano et al. (15) showed that in human resting
T cells, TCR and CD28 coengagement induces Lck recruitment to
the immune synapse and that Vav-1 is necessary for this process.
Interestingly, an intact CD28 molecule is necessary for the recruitment of Lck (15).
Our results are in contrast to those of Burack et al. (28) who
reported that LR accumulation at the immune synapse is indepen-

FIGURE 5. Jurkat T cells show intracellular calcium flux upon stimulation with K86 cells. Each picture shows the composition of a bright field
image overlaid with a transparent color scale of the ratio of fluorescence
emissions at 340 and 380 nm of fura-2. The ratio correlates with intracellular calcium concentration: green color indicates resting (low), red color
indicates high intracellular calcium concentration. The first picture shows
K86 cells alone; in the following pictures, fura-2-loaded CD4 T cells are
interacting with the APCs. These data are representative of three
experiments.

dent of the CD28/B7 system. These results are not directly comparable to our experiments, because they were performed using
activated mouse T cells. In the LR polarization experiments shown
here, primary human CD4 T cells were used exclusively. We have
performed experiments in PHA-activated human CD4 T cells, as
well as in Jurkat cells, and have observed that, in contrast to resting
human cells, activated cells do not require costimulation through
CD28 for LR polarization (data not shown), in agreement with
previous results. Tuosto et al. (29) published similar findings.
It has been known for a long time that ligation of CD28 can
initiate T cell signaling pathways independent of TCR ligation. In
the experiments presented here, we show that ligation of CD28 by
its natural ligand, CD86, can induce intracellular calcium mobilization and translocation of NF-B p65 to the nucleus of primary
human CD4 T cells. These signaling events are also important
sequelae of activation through the TCR. Raab et al. (30) have
shown that CD28 drives NFAT into the nucleus of COS cells and
Marinari et al. (19) showed that CD28 engagement by CD80 induced NF-B transcriptional activity in Jurkat cells. Using DNA
microarrays, a small number of transcripts (including members of
the EGR family) were specifically up-regulated by anti-CD28
stimulation and, to an even greater extent, by CD86Ig stimulation
(9). The ability of CD86 ligation to induce LR polarization and p65
translocation to the nucleus may explain the enhanced gene regulation induced by CD86Ig stimulation. Furthermore, these results
further disassociate T cell proliferation from LR polarization. Previously, we demonstrated that CD8 T cells can be activated and
expanded in the absence of LR polarization (13). Here, we show
that LR polarization can be induced in CD4 T cells without subsequent T cell proliferation.
What might be the physiologic significance of these results?
Individuals with SLE aberrantly express CD86 on resting B cells,
whereas resting B cells from healthy people express minute levels
of CD86 (31, 32). The use of anti-CD86 blocking Ab in a SLE
mouse model prevents onset of disease (33), and findings that B7
expression on B cells is sufficient to break tolerance (34) suggest
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FIGURE 6. Ligation of CD28 by CD86 induces translocation of NF-B p65 to the nucleus. CD4 T cells were incubated for 5 (A and B, E F, I and J)
or 25 min (C and D, G and H, K and L) with CD3/CD86Ig beads (A and B, C and D), CD86Ig beads (E and F, G and H), or MHC I beads as control (I
and J, K and L), and then stained for NF-B p65 (red). The nucleus is identified in blue. M, The extent of p65 translocation to the nucleus at 25 min. ##,
p ⬍ 0.005 and #, p ⫽ 0.01 vs MHC I beads. All T cells bound to either CD86Ig or CD3/CD86Ig beads showed translocation of p65 to the nucleus after
25 min. Data are representative of three experiments.

a central role of CD86 in either initiating or exacerbating autoimmune disease. Perhaps these CD86 expressing, resting B cells induce LR on T cells, helping autoreactive T cells to break tolerance.
The relationship between aberrant B7 expression and autoimmune
disease is not limited to SLE and in fact is found in a wide array
of autoimmune diseases (31). Whether the ability of CD86 to induce LR on CD4 T cells explains the relationship between CD86
expression and autoimmune disease remains to be seen, but it is a
tempting speculation. Equally interesting, are the implications of
CD86-mediated LR polarization as they relate to HIV-1 disease.
HIV-1 virions preferentially incorporate CD86 into their membranes (35) and LRs facilitate HIV-1 entry. These virions were
shown to trigger NF-B activation in a CD86-dependent manner
similar to that shown in our studies (36). The heightened immune

FIGURE 7. LR polarization induced by CD86Ig
alone does not lead to CD4 T cell cytokine secretion or
proliferation. A and C, CD86Ig ligation induces EGR1
transcription but no IL-2 production. CD4 T cells were
either left unstimulated (resting) or stimulated with
CD86Ig or anti-CD3 and CD86Ig beads for 2 h. EGR1
and IL-2 expression were quantified by RT-PCR, as expressed in comparison to values obtained from unstimulated cells. Data are representative of three independent
experiments. B, LR polarization induced by CD86Ig
alone does not lead to proliferation of human CD4 T
cells. Purified CD4 T cells were cultured for 72 h with
anti-CD28 (mAb 9.3), CD86Ig, or anti-CD3 and
CD86Ig beads. Cultures were pulsed with [3H]thymidine for 18 h, harvested, and analyzed for [3H] incorporation. The error bars indicate the SD of one experiment and the data are representative of three
independent experiments. The use of CD3/CD86Ig
beads gave equivalent proliferation compared to CD3/
CD28 beads (data not shown).

activation observed in HIV-infected individuals enhances CD86
expression, which in turn could induce LR polarization between
activated APC and resting T cells, permitting HIV-1 entry into
noncycling T cells. The ability of CD86 to induce LR polarization
may in part explain the in vivo susceptibility of resting T cells to
HIV-1 infection (37).
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