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Abstract

During T cell interaction with APC, CD28 is recruited to the central region (cSMAC) of the

immunological synapse. CD28-mediated signaling through PI3K results in the recruitment of

PKCθ to the cSMAC, activation of NF-κB, and upregulation of IL-2 transcription. However, the

mechanism that mediates CD28 localization to the cSMAC and the functional consequences of

CD28 localization to the cSMAC are not understood. In this report we show that CD28

recruitment and persistence at the immunological synapse requires TCR signals and CD80

engagement. Addition of mAb to either MHC class II or CD80 results in the rapid displacement of

CD28 from the immunological synapse. Ligand binding is not sufficient for CD28 localization to

the immunological synapse, as truncation of the cytosolic tail of CD28 disrupts synapse

localization without effecting the ability of CD28 to bind CD80. Furthermore, a single point

mutation in the CD28 cytosolic tail (tyrosine 188) interferes with the ability of CD28 to

preferentially accumulate at the cSMAC. PKCθ distribution at the immunological synapse mirrors

the distribution of tyrosine 188-mutated CD28, indicating that CD28 drives the localization of

PKCθ even when CD28 is not localized to the cSMAC. Mutation of tyrosine 188 also results in

diminished activation of NF-κB, suggesting that CD28-mediated localization of PKCθ to the

cSMAC is important for efficient signal transduction. These data reinforce the importance of the

interplay of signals between TCR and CD28 and suggest that CD28 signaling through PCKθ may

be mediated through localization to the cSMAC region of the immunological synapse.
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Introduction

T cell activation requires antigen-specific recognition in the context of MHC on the surface

of an APC. The interaction with the APC provides the T cell with peptide-MHC ligands for

the TCR as well as ligands for costimulatory receptors. Many surface receptors can provide

costimulation in conjunction with the TCR, most notably among these is CD28. CD28 is the

most potent and best described costimulatory molecule for T cells, participating in many

aspects of T cell activation, survival, and differentiation (1-3). One of the best characterized

function of CD28 is its ability to enhance IL-2 expression through at least two different

mechanisms. CD28 promotes activation and nuclear translocation of transcription factors

(NF-κB and AP-1) that will interact with the IL-2 enhancer and augment transcription (4).

In addition, CD28 increases IL-2 mRNA stability by a mechanism that is not well

characterized (1).

Despite the well-known functional importance of CD28, the biochemical signaling pathways

induced downstream of CD28 are not clearly understood (2, 3). Part of the difficulty in

identifying CD28-mediated signals is that one major function of CD28 is to amplify signals

that can be initiated through the TCR. Profiling of protein signaling intermediates as well as

changes in gene expression have suggested that CD28 costimulation functions primarily to

modify TCR-mediated signaling pathways (5-7). In support of this, Lck, Itk, and PI3K, the

kinases that can be recruited to the cytosolic tail of CD28 and have been associated with

CD28 costimulation, can also be activated by TCR signaling in the absence of CD28 (8-14).

Point mutations in the src homology domain-2 (SH2) and SH3 interaction motifs that recruit

these signaling proteins to the CD28 cytosolic tail do not entirely reproduce the effects of

CD28-deficiency, suggesting that additional pathways and/or functional redundancy within

these pathways may be involved (15-20). For example, we have shown that mutation of the

PI3K interaction site results in a failure of CD28 to enhance NF-κB activation and IL-2

transcription. However, this has little effect on IL-2 secretion, because this mutation does

not inhibit the ability of CD28 to enhance IL-2 mRNA stability (21).

T cell recognition of antigen is associated with the formation of a tight cell:cell contact with

APC, termed the immunological synapse (IS) (22, 23). Distinct membrane domains

(supramolecular activation clusters or SMAC) are defined according to the distribution of

the proteins recruited to and sorted within the IS. The most central cluster (cSMAC) is

defined by the presence of TCR, a peripheral cluster (pSMAC) is defined by the distribution

of the integrin LFA-1, and a more distal cluster (dSMAC) is defined by the localization of

CD45 (24-26). Because many of the molecules associated with the cSMAC are involved in

proximal T cell activation, it was initially thought that this region was the signaling

compartment of the IS. However, the cSMAC is now thought to be the site for TCR

downregulation (27, 28) and sustained TCR signaling is thought to be mediated by the

constant recruitment of new TCR complexes that form along the outside of the pSMAC

(29-32). According to this model, these TCR microclusters signal as they migrate through

the pSMAC toward the cSMAC. TCR microclusters ultimately accumulate at the cSMAC,

where they stop signaling, and are targeted for downregulation. In contrast, CD28 signaling

has been indirectly associated with cSMAC localization. CD28 has been shown to be

recruited to the IS and to accumulate at the cSMAC together with TCR (21, 33-35). CD28 is
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required for recruitment of protein kinase C-θ (PKCθ) to the cSMAC region (21, 34). In

CD28-deficient T cells or T cells expressing a mutation in the PI3K interaction site, PKCθ is

still recruited to the IS, but it is not focused into the cSMAC region. This results in a loss in

PKCθ-dependent activation of NF-κB and upregulation of IL-2 transcription, suggesting

that CD28-dependent activation of PI3K within the IS contributes to CD28 costimulation

(21). CD28 engagement outside the IS (in trans) can still enhance IL-2 secretion, but PKCθ
is not recruited to either the TCR or CD28 and IL-2 gene transcription is not upregulated.

Rather, CD28 in trans enhances IL-2 secretion through the induction of IL-2 mRNA

stabilization (36). These observations suggest that CD28 localization at the IS may be an

important component for the transduction of some, but not all, aspects of CD28-mediated T

cell costimulation.

Little is known about the molecular mechanisms involved in the recruitment of CD28 to the

IS. CD28 distributes around the plasma membrane of non-polarized T cells, and within

minutes of T cell:APC interaction, CD28 accumulates to the contact area, concentrating into

the cSMAC. It has been shown that ligand interaction with CD80 or CD86 is important to

promote CD28 recruitment to the IS (33, 35). But the signals that drive CD28 targeting to

the cSMAC and the intracellular sorting motifs within CD28 that mediate this localization

are not understood. In this report we have addressed both of these issues. We show that

sustained signaling from both TCR and CD28 is required to maintain CD28 within the IS.

Furthermore, we have identified a single point mutation at tyrosine 188 (Y188F) that

diminishes CD28 localization to the cSMAC. The mislocalization of Y188F CD28 was

mirrored by corresponding mislocalization of PKCθ and resulted in a reduction in NF-κB

nuclear translocation. These observations support the model that CD28 costimulation may

be controlled in part by localization of CD28 to the cSMAC region of the IS.

Materials and Methods

Cells and reagents

6132 Pro cell transfectants expressing class II (I-Ad) alone (ProAd) or in combination with

CD80 (ProAd-B7), ICAM-1 (ProAd-ICAM), or both (ProAd-ICAM-B7) and purification of

CD4-positive T cells from DO11.10 TCR-transgenic BALB/c mice have been previously

described (21). All cell lines were maintained in DMEM (Invitrogen Life Technologies,

Gaithersburg, MD) supplemented with 10% FCS, 2 mM glutamine, 0.1 mM nonessential

amino acids, and 50 μM 2-ME. CD4+ T cells (either from CD28+/+ or CD28-deficient

mice) were stimulated with 0.2 μg/ml OVA peptide (323-339) presented by irradiated

syngeneic spleen cells and 20 U/ml human rIL-2. When noted, CD28-deficient T cells were

activated and 1 day later transduced with retroviruses containing wild-type (WT) or mutated

murine CD28 (16) or WT murine CD28 fused to Cyan Fluorescent Protein (CD28-CFP)

(35). Additional mutations in CD28, where portions of the cytosolic tail were placed by

alanine (ala scan) or where the entire cytosolic tail was deleted (ΔCT), were constructed by

overlapping PCR, confirmed by DNA sequencing, and subcloned into the MIGR retroviral

vector. All the viruses utilized (but not CD28-CFP) contain GFP expressed from an internal

ribosome entry site (IRES) as a marker for transduced cells. Infection efficiency ranged

from 10 to 60%, and cells were sorted to match the level of CD28 expression before each
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experiment. Antibodies against PKCθ (C-18) and NF-κB p65 (A) were purchased from

Santa Cruz Biotechnology, antibodies against CD28 (37.51), CD80 (1G10) and MHC class I

(34-2-12) were purchased from BD Pharmingen and fluorescently-labeled, species-specific,

secondary Abs were obtained from Jackson ImmunoResearch Laboratories, West Grove,

PA. Antibodies against CD28 (37.51), CD80 (1G10) and MHC class II (M5/114) were also

purified from hybridoma supernatants by Protein A-sepharose. Soluble CD80 (rmB7-1/hFc)

was purchased from R&D Systems (Minneapolis, MN).

Immunofluorescence microscopy

Peptide-pulsed APC (2 μg/ml OVA peptide) were centrifuged with T cells for 20 seconds at

a relative centrifugal force of 2000 × g. The cell pellet was incubated for 5 min at 37°C,

resuspended in complete media, and either incubated for various times or immediately

plated on poly-L-lysine-coated coverslips. After plating, conjugates were incubated for 5

min at 37°C to allow cell binding to the poly-L-lysine. Cells were fixed in 3% (w/v)

paraformaldehyde, permeabilized in 0.3% (v/v) Triton X-100, and stained. For NF-κB

localization, the incubation time before plating on poly-L-lysine-coated coverslips was

increased to 35 min, and nuclei were labeled with Hoechst stain after fixation and

permeabilization. Samples were analyzed on a Zeiss Axiovert microscope controlled by

SlideBook software (Intelligent Imaging Innovations, Denver, CO). Nearest-Neighbor

deconvolution, digital analysis, and three-dimensional rendering were accomplished using

SlideBook software. The threshold for the images was set using the APC (CD28 and PKCθ)

or the T cell (MHC Class II) fluorescent intensity as nonspecific staining since these cells

should not express the corresponding proteins. CD28 and PKCθ distribution within the IS

was calculated on a midplane image by measuring the length of the cell:cell contact that

contained CD28 or PKCθ and dividing it by the length of the entire interaction site between

the T cell and the APC. NF-κB localization to the nucleus was quantified by defining a

nuclear mask (Hoechst staining) and calculating the fluorescence intensity of NF-κB

staining within the mask area.

Live cell microscopy

ProAd-ICAM-B7 were plated on Delta T Culture dishes (Bioptechs, Inc, Butler, PA) and

incubated ON at 37°C. Antigen (2 μg/ml) was loaded for 2 hours and the dish was mounted

on a heated stage maintained at 37°C. CD28-CFP-expressing T cells were added and

allowed to interact with the APC. Conjugates were selected based on sustained recruitment

of CD28 toward the APC. Images were collected every 21 sec for 5 minutes, 2 μg/ml control

(αMHC class I) or blocking (either αCD80 or αMHC class II) mAbs were added and

imaging was continued for an additional 5-20 minutes.

Calcium signaling

Calcium imaging of T cell:APC conjugates was done essentially as described (37). ProAd-

ICAM-B7 cells were preincubated with 2.0 μg/ml OVA peptide for 2 h at 37°C and labeled

with Alexa 633 (Molecular Probes, Gaithersburg, MD). T cells were loaded with 1 μM

Indo-1AM (Molecular Probes) for 30 min at 37°C. T cells and APC were mixed at a 1:1

ratio in solution and run on an LSRII flow cytometer (BD Bioscience, San Diego, CA) to

establish a baseline for intracellular calcium levels in the T cells. The T cell:APC mixture
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was then centrifuged for 15 s at a relative centrifugal force of 2000 × g at room temperature

in a microfuge. The cell pellets were resuspended in warm medium and run on the flow

cytometer at 37°C. T cell:APC conjugates were identified by dual Indo-1/Alexa 633

fluorescence, and intracellular calcium levels were determined by ratiometric analysis of

Indo-1-Blue to Indo-1-Violet fluorescence using FlowJo software (Tree Star, Inc, Ashland,

OR).

Results

CD28-ligand interactions are required to recruit and sustain CD28 at the IS

CD28 colocalizes with TCR at the cSMAC of the IS in a ligand-dependent manner (33, 35).

The requirement for CD28 engagement with CD80 to recruit CD28 to the IS can be shown

by interaction of T cells with APC that do and do not express CD80. Endogenous CD28,

detected by αCD28 staining, is only recruited to the IS in conjunction with CD80-positive

APC (Fig. 1A and B). Retroviral transduction of CD28-deficient T cells with a CD28-CFP

fusion protein also demonstrates efficient recruitment of CD28 to the IS only with CD80-

positive APC (Fig. 1A and B). Similarly, CD28 recruitment to the IS was disrupted when

ligand-binding was blocked by the preincubation of APC with αCD80 mAb, while no effect

was observed by the addition of a control αclass I mAb (Fig. 1C and D).

To determine whether continuous engagement with ligand is required to sustain CD28 at the

IS, we allowed CD28 to be recruited at the IS and then added αCD80 mAb to block CD80-

CD28 interactions (Fig. 2A). Within 5 minutes of αCD80 addition the majority of

conjugates lack CD28 localization at the IS. Addition of a control αclass I mAb has no

effect on CD28 accumulation at the IS. TCR signals remained intact when CD80-CD28

interactions were blocked, as this treatment does not inhibit calcium influx on T cells (data

not shown). The rapid displacement of CD28 from the IS after αCD80 mAb addition can be

visualized in real-time using T cells expressing the CD28-CFP chimera (Fig. 2B and Video

1 in Supplemental Data4). CD28-CFP-positive T cell:APC were imaged for 5 minutes to

confirm that CD28 was stably recruited to the IS. Blocking αCD80 mAb was added and the

conjugates were followed for an additional 15-20 minutes. About 5 minutes after mAb

addition, CD28-CFP began to diffuse away from the APC and by 10 minutes was distributed

evenly around the T cell surface. In contrast, CD28-CFP remained polarized toward the

APC the entire period of time when αclass I mAb were added (Fig. 2C and Video 2 in

Supplemental Data). These results demonstrated the crucial requirement of CD28-CD80

interactions not only to initially recruit, but also to maintain, CD28 within the IS.

CD28 requires constant TCR signal to persist at the IS

To determine if TCR engagement is required to sustain CD28 at the IS, TCR-peptide/class II

interactions were blocked with the addition of αclass II blocking mAb. It has been shown

that this treatment leads to the rapid inhibition of calcium influx, prevention of new TCR

microcluster formation, and cessation of sustained TCR signaling (32, 38, 39). To confirm

the efficacy of αclass II blocking, conjugates between indo-1-loaded CD4+ T cells and

Alexa-633-labeled ProAd-ICAM-B7 were formed and the magnitude of the T cell calcium

flux in T cell:APC conjugates was determined on the flow cytometer (Fig. 3A - C). Blocking
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amounts of αclass II mAb were added and conjugates were analyzed to simultaneously

measure the effect of αclass II on intracellular calcium flux and on T cell:APC conjugate

stability over time. After a lag of several minutes, calcium influx was rapidly inhibited in the

entire population of T cells (Fig. 3B and C). In contrast, the majority of T cell:APC

conjugates were stable for at least 15 minutes after the inhibition of calcium signaling (Fig.

3D). This provides a kinetic window where we could evaluate the requirement for sustained

TCR signaling in CD28 localization to the IS without disrupting T cell:APC interactions. To

determine whether CD28 remains recruited to the IS when TCR signals were blocked, T

cells:ProAd-ICAM-B7 conjugates were formed in the presence of antigen, and incubated for

10 minutes to allow IS formation and CD28 recruitment toward the APC. Blocking

antibodies for class II were added and conjugates were fixed 5 or 10 minutes later (Fig. 3E).

As a negative control, conjugates were treated with αclass I mAb. CD28 remained recruited

to the APC contact area in most of the conjugates 5 minutes after the addition of anti-class II

mAb. However, after 10 minutes of TCR blocking, localization of CD28 to the IS was lost

in most of the conjugates.

To visualize CD28 displacement from the APC when TCR signals are blocked, we

performed a live cell imaging analysis. CD28-CFP-expressing T cells were allowed to

interact with Ag-pulsed APC for 10 minutes. Conjugates were selected for CD28

localization to the IS, blocking class II mAb was added, and CD28 localization was

followed for another 20 minutes in the presence of the blocking mAb (Fig. 3F and Video 3

in Supplemental Data). CD28 remained polarized toward the APC for about 8 minutes and

then rapidly diffused away, adopting a non-polarized distribution. Nevertheless, even after

complete loss of CD28 polarization within the IS, T cell remained in close contact with the

APC for at least 20 minutes after MHC class II blocking antibody was added. This indicates

that cessation of TCR signaling results in displacement of CD28, well before complete

dissolution of the IS. Taken together, these data indicate that steady state localization of

CD28 at the IS depends on continuous CD28 ligand binding and TCR signaling.

Ligand binding is not sufficient to recruit CD28 to the IS

To identify the cis elements in CD28 that mediate localization to the IS, we first generated a

truncation of CD28 that lacks the cytosolic tail (ΔCT) (for schematic see Fig 5A, below).

The mutation does not effect cell surface expression of CD28. WT and ΔCT CD28 are

expressed at equivalent levels at the cells surface following retroviral transduction into

CD28-deficient T cells (Fig. 4A). To determine whether the CD28 cytosolic tail is required

for recruitment to the IS, conjugates between retrovirally transduced T cells expressing

either WT or ΔCT CD28 and Ag-pulsed ProAd-ICAM-B7 were analyzed by microscopy

(Fig. 4, C and D). ΔCT CD28-expressing T cells showed a significantly reduced ability to

recruit CD28 molecules toward the APC. Furthermore, even in those ΔCT-expressing T

cells where CD28 was polarized toward the APC, significant CD28 was detected outside of

the IS, a morphology that was not detected with cells expressing WT CD28 (Fig. 4D)

To confirm that the failure to recruit ΔCT CD28 to the IS was not secondary to a defect in

ligand-binding, we tested the ability of ΔCT CD28 to bind CD80. WT or ΔCT CD28-

expressing T cells were labeled with a soluble CD80/Ig fusion protein and analyzed by flow
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cytometry (Fig. 4A). Equivalent levels of CD28 were detected on WT and ΔCT-expressing

T cells by labeling either with αCD28 mAb or with the soluble CD80/Ig fusion protein.

Double staining with CD28 and CD80/Ig was not feasible, because the CD28 mAb utilized

blocks the CD80 interaction site. Therefore, we utilized the IRES-GFP reporter cassette in

the retroviral vector to normalize for levels of retroviral gene expression and then compared

the cell surface labeling with αCD28 mAb and with the CD80/Ig fusion protein for a given

level of GFP expression (Fig. 4B). WT and ΔCT CD28 bound equivalent levels of CD80/Ig

fusion protein for any given amount of CD28 expression level. These results confirmed that

the failure of ΔCT CD28 to localize at the IS was not due to expression levels or inability to

interact with CD80, but was a direct result of the cytosolic tail deletion. Furthermore, CD28

localization to the IS is not mediated passively by binding to ligand expressed on the surface

of the APC. Taken together these data indicate that CD28 ligand binding is necessary, but

not sufficient, to target CD28 to the IS and additional signals from the TCR and cis elements

in the CD28 cytosolic tail are also required.

Mutation of tyrosine at position 188 disrupts the ability of CD28 to focus at the IS

To identify the specific motif within the cytosolic tail of CD28 that mediates IS localization,

we first analyzed a series of amino acids point mutations in suspected protein interaction

motifs. We targeted the YMNM motif at positions 170-173, that upon tyrosine

phosphorylation generates an SH2 binding site that has been shown to recruit PI3K and

Grb-2 (8, 9, 40). We also targeted prolines at 178 and 187/190, that have been implicated in

Itk and Lck SH3 domain interactions respectively (11-14), and two additional tyrosine

residues at 188 and 197 (Fig 5A). Conjugates between CD28-deficient T cell expressing

different point mutations and Ag-pulsed ProAd-ICAM-B7 were formed and analyzed by

microscopy. Strikingly, only one of these mutations showed a significant defect in its ability

to focus CD28 into the IS, a point mutation of the tyrosine at position 188 (Fig. 5B). To test

the role of additional segments of the cytosolic tail, a series of clustered alanine

replacements were generated (Fig 5A). Replacement of amino acids 179-182 and 183-186

with alanines had no effect on CD28 localization to the IS. In contrast, alanine substitutions

of residues 187-190 (which contains Y188) and of residues 192-194 inhibited CD28

localization to the IS. These results indicate that residues 187-194, and especially Y188, are

required for CD28 focusing within the IS.

To more carefully address the role of the cytosolic tail on CD28 localization in the IS, we

focused our analyses on the single amino acid mutation, Y188F (Fig. 6). T cells expressing

Y188F CD28 showed a delay in the kinetics of CD28 accumulation at the IS compared with

WT CD28 (Fig 6B). At 15 minutes there was a significant difference in the ability of WT

and Y188F CD28 to be recruited at the IS, but by 45 minutes both WT and Y188F CD28

were recruited to the IS with similar frequency. However, even when Y188F was recruited

to the IS, it was often incomplete and CD28 was detected outside of the IS (Fig. 6A). These

results indicate that Y188 is required for efficient polarization of CD28 to the IS. A further

defect in Y188 was detected when the morphology of CD28 localization at the IS was

compared. WT CD28 was significantly more focused into the center of the IS (indicative of

cSMAC localization) compared with Y188F CD28 at both time points evaluated (Fig 6, C

and D). Mutation of Y188F did not interfere with the ability of CD28 to interact with CD80,
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as measured by CD80/Ig binding by flow cytometry (data not shown), suggesting that

mislocalization within the IS is a direct consequence of the mutation of the tyrosine at

position 188.

CD28 determines PKCθ localization within the IS

To evaluate signals downstream of CD28, we analyzed the localization of PKCθ.

Costimulation through either LFA-1 or CD28 can recruit PKCθ to the IS, but CD28

costimulation is required to specifically localize PKCθ to the cSMAC and induce PKCθ-

dependent activation of NF-κB (21). To determine how mislocalization of Y188F CD28

impacts on PKCθ, conjugates between CD28-deficient T cells expressing either WT or

Y188F CD28 and Ag-pulsed APC were analyzed. To avoid LFA-1-mediated recruitment of

PKCθ to the IS, the APC utilized did not express ICAM-1, and were either CD80-positive

(ProAd-B7) or CD80-negative (ProAd). Y188F CD28 effectively retained it ability to recruit

PKCθ to the IS with no significant differences with WT CD28 expressing T cells (Fig. 7, A

and B). However, similar to CD28, PKCθ recruitment was delayed (data not shown) and

PKCθ distribution at the IS was more diffuse in T cells expressing Y188F compared to WT

CD28 (Fig 7C).

To determine if PKCθ localization at the IS correlates with CD28 localization, the

distribution of both molecules was measured at the IS in each conjugate and these values

were directly compared (Fig. 7D). In the majority of T cells expressing WT CD28, both

CD28 and PKCθ were focused within the IS, while in the majority of T cells expressing

Y188F, both CD28 and PKCθ were broadly distributed across the IS. Strikingly, the data

sets are partially overlapping and the linear regression lines for these two populations are

essentially identical, suggesting that the localization of CD28 is the primary determinant for

the localization of PKCθ. To confirm that CD28 and PKCθ focusing in the IS represented

localization to the cSMAC, T cell:APC conjugates were stained for CD28, PKCθ and MHC

class II and analyzed by 3-dimensional reconstruction (Fig. 7E). Class II localization serves

as a positive marker for the cSMAC region, because it labels the class II molecules that are

juxtaposed to the TCR in the cSMAC. In T cells expressing WT CD28, both CD28 and

PKCθ colocalized with class II in the cSMAC. In contrast, in T cells expressing Y188F, a

cSMAC is found, as indicated by central and focused distribution of class II, but CD28 and

PKCθ are broadly distributed across the IS. Y188F CD28 and PKCθ were not excluded

from the cSMAC, but not preferentially concentrated in the cSMAC as in the majority of the

WT CD28 T cell conjugates. In many conjugates, Y188F was not evenly distributed across

the IS and formed multiple regions of higher concentration. Interestingly, in these cases

PKCθ distribution mirrored CD28 localization; PKCθ and CD28 colocalized in these

multiple foci (Fig. 7F and Videos 4-6 in Supplemental Data). These results further support

the idea that CD28 determines the localization of PKCθ.

Mislocalization of Y188F CD28 correlates with reduced NF-κB nuclear translocation

To evaluate signals downstream from CD28 and PKCθ we analyzed NF-κB nuclear

translocation. WT or Y188F CD28 expressing T cell conjugates with Ag-pulsed ProAd-

ICAM-B7 were analyzed at 45 minutes for nuclear translocation of NF-κB (Fig 8, A and B).

No significant defect in the frequency of T cells that had activated NF-κB was noted in T
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cells expressing Y188F compared to WT CD28 (Fig. 8B). However, a difference in the

magnitude of NF-κB translocation was apparent (Fig. 8A). To better quantify NF-κB

nuclear translocation, we measured the intensity of NF-κB staining inside the nucleus of

individual T cells (Fig. 8C). Y188F CD28 was sufficient to drive NF-κB nuclear

translocation in the majority of T cells compared to CD28-deficient T cells, but the

magnitude of NF-κB activation in T cells expressing Y188F was significantly decreased

compared to WT T cells. Although it remains possible that this represents a decrease in

CD28 signaling in Y188F, the correlation with Y188F and PKCθ mislocalization suggests

that the disruption of cSMAC localization of CD28 may diminish CD28-mediated

costimulation through PKCθ and NF-κB.

Discussion

The mechanisms that mediate CD28 localization to the cSMAC and the functional

consequences of CD28 localization to the cSMAC are not understood. In this report we

show that CD28 recruitment and persistence at the IS requires TCR signals, CD80

engagement, and sequences within the CD28 cytosolic tail. The requirement for both TCR

and CD28 engagement indicates that there may be more cross-talk between TCR and CD28

signaling than would be predicted by the simple two signal model, where CD28 only

provides costimulatory signals for TCR. Our data indicate that TCR signals are required to

allow for CD28 ligand interaction, suggesting that TCR may also provide costimulatory

functions to enhance CD28 signaling. We also show that a single point mutation at tyrosine

188 in the cytosolic tail disrupts the ability of CD28 to preferentially accumulate at the

cSMAC. This provides the first indication of a cSMAC localization signal within CD28.

Interestingly, PKCθ distribution at the IS mirrors CD28 localization, even when CD28

adopts a more diffuse distribution compared with TCR. This indicates that CD28 itself

determines the location of PKCθ and there are no additional factors within the cSMAC that

are required for PKCθ recruitment. Finally, mutation of Y188 diminishes CD28-dependent

activation of NF-κB, suggesting that the colocalization of CD28 and PKCθ specifically to

the cSMAC region is important for efficient signal transduction. Taken together these results

provide new insight into the regulation of CD28 localization to the cSMAC and the

functional consequences of specific protein organization within the IS.

TCR signals are essential to initiate the formation of the IS structure. We show here that,

even after a mature IS has been formed, sustained TCR signaling is required to maintain

CD28 localization at the IS. Addition of anti-class II mAb results in a rapid cessation of

proximal TCR signaling following by the dispersion of CD28 from the IS. Both of these

events occur well before T cell:APC conjugates are disrupted, indicating that availability of

B7 ligand is insufficient to retain CD28 at the IS. This apparent TCR dependence for CD28-

B7 interactions is reminiscent of the inside-out signaling associated with integrin activation

(41). In this regard TCR signaling may have a direct effect on CD28 ligand binding,

possibly through modulation of the cytosolic tail. Y188 can be phosphorylated upon T cell

activation (42), and the conservative structural mutation (Y188F), supports a role for

phosphorylation. Thus, it is possible that TCR-mediated phosphorylation of Y188 is

required to efficiently recruit and/or sustain CD28 within the IS. So far, pY188 interacting

proteins have not been clearly identified, although it has been suggested that
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phosphorylation of Y188 may create an SH2 docking site for Lck (43). Alternatively, CD28

localization at the IS may be dependent on TCR-induced changes in membrane domains.

Although the biophysical properties of lipid rafts in living cell membranes and their

functional importance in T cell activation remains controversial (44-46), Y188 has been

implicated in the ability of CD28 to partition into detergent-resistant membrane fractions

(47). Finally, Y188F may control CD28 interactions with specific adapter proteins that

facilitate or promote cSMAC localization, such as Filamin-A, that can be associate with

CD28 and impact on CD28-mediated lipid raft accumulation at the IS (48).

CD28 ligand binding is also required to recruit and sustain CD28 in the IS. CD28 is a

disulfide-linked dimer and the conventional model would suggest that ligand binding

transduces a conformational change through the dimer to alter the orientation of the

cytosolic tails to allow for protein interactions that could mediate IS localization and/or

signaling. However, ligand binding is not sufficient to induce CD28 localization to the IS

and additional signals mediated through the TCR are required. This cross-talk between TCR

and CD28 could be mediated through the inside-out model discussed above. Alternatively,

CD28 ligand binding may function to retain CD28 in the IS. In this case, disruption of CD28

localization following the addition of anti-CD80 mAb might reflect the low affinity of

CD28-CD80 interactions and the ability of this mAb to compete for CD28 binding. In the

absence of available ligand the released CD28 would simply diffuse away from the IS. This

possibility will favor a more dynamic model for CD28 localization at the IS, where the pool

of CD28 at the cSMAC is constantly turning over and the steady state localization of CD28

at the IS depends on constant recruitment from the periphery.

It has recently been suggested that sustained TCR signaling is mediated through the

continued formation of new TCR microclusters at the periphery of the IS (29-32). These

microclusters mediate TCR signaling as they transit through the pSMAC en route to the

cSMAC region. Addition of anti-class II mAb is thought to disrupt the formation of new

microclusters and so inhibit sustained TCR signaling (32). TCR and CD28 have been shown

to co-cluster in the immature IS, prior to the formation of an organized cSMAC region (49).

It is possible that CD28 is also co-recruited with the TCR to the peripheral microclusters that

continuously form after the mature IS has been established. In this case, anti-class II-

mediated inhibition of new microcluster formation and sustained TCR signaling would

result in a loss in the influx of CD28 to the cSMAC. In this microcluster model, the rapid

dispersion of CD28 from the IS following the addition of anti-class II mAb would imply that

CD28 retention in the cSMAC is transient. For example, CD28 may be rapidly internalized

following TCR activation, ligand binding, and/or recruitment to the cSMAC region. This

raises the possibility that CD28 follows a reciprocal pathway compared to CTLA-4. In

resting activated T cells CTLA-4 resides primarily within intracellular compartments, due to

rapid internalization. Upon T cell activation, tyrosine phosphorylation disrupts an

internalization motif and redistributes CTLA-4 to the cell surface (50, 51). It is possible that

TCR activation induces CD28 internalization. As long as sufficient antigenic peptide/MHC

complexes remain on the cell surface, new TCR microclusters form, recruiting new CD28

molecules, and providing TCR signaling in the context of costimulation. Once the

concentration of antigen drops below the threshold to drive new microcluster formation, new
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TCR/CD28 signaling would stop and the high concentration of CTLA-4 at the cell surface

could inhibit any residual ongoing T cell activation.

The requirement for the cytosolic tail of CD28 implies that either ligand binding and/or TCR

signals modify some molecular aspects of the tail that will facilitate CD28 recruitment at the

IS. As discussed above, this could be a positive function of the cytosolic tail, mediated

through phosphorylation of Y188, lipid raft association, and/or binding of an adaptor or

cytoskeletal component. It has been shown that in resting T cells, CD28 mobility in the

plasma membrane is reduced compared with other surface molecules suggesting that CD28

may be anchored to some cytoskeletal elements in the absence of TCR signals or ligand

binding (33). Interestingly, deletion of the cytosolic tail increases mobility of CD28 in the

plasma membrane. Thus, it is possible that this putative interaction in resting T cells may

regulate CD28 recruitment to the cSMAC. Additional experiments to address the specific

role of TCR signaling, ligand binding, and cytosolic tail sequences, including Y188, in the

regulation of CD28 mobility in the plasma membrane will be required to address this issue.

One function of CD28 is to recruit PKCθ to the cSMAC (21, 34). We have shown that this

is mediated through PI3K, and mutation of the PI3K interaction site on the cytosolic tail of

CD28 results in a failure to recruit PKCθ, to translocate NF-κB to the nucleus, and to

upregulate IL-2 transcription (21). This is consistent with the proposed role of PDK1 in

PKCθ recruitment to the synapse (52). However, CD28 costimulation does not appear to

generate a localized concentration of Phosphatidylinositol (3,4,5)-trisphosphate (the product

of PI3K) within the cSMAC (C. Baker and J. Miller, unpublished data), suggesting that

additional features of the cSMAC or CD28 signaling may be required for PKCθ recruitment.

Consistent with this idea, we found that mislocalization of CD28 within the synapse by

mutation of Y188 resulted in a corresponding mislocalization of PKCθ. A similar

association of PKCθ with CD28 outside of the cSMAC regions was observed using

transfected CHO cells as APC (53). These results suggest that there are no unique features to

the cSMAC that allow for PKCθ recruitment; rather PKCθ recruitment appears to be an

intrinsic function of CD28. No direct association between CD28 and PKCθ has been

reported. The SH2 and SH2 domain docking sites on CD28 may recruit adaptor proteins that

mediate PKCθ recruitment. For example, Filamin-A has been shown to localized with CD28

and PKCθ, and Filamin-A knock-down inhibits PKCθ recruitment to the IS (48, 54).

Activation of PKCθ results in the subsequent activation of NF-κB. Interestingly, the ability

of CD28 to drive nuclear localization of NF-κB is reduced by mutation of Y188. It is

possible that in addition to its effect on CD28 localization, Y188 may directly modulate

some aspect of CD28 signaling that impacts on NF-κB activation. Alternatively, the

correlation between CD28 and PKCθ mislocalization and diminished NF-κB activation

suggests that the ability of Y188 to direct CD28 localization itself may account for the

diminished signaling. Mutation of Y188 could effect CD28/TCR association in

microclusters, which would have a secondary effect on CD28 cSMAC localization.

Alternatively, CD28 signaling through PKCθ may be mediated at the cSMAC and reduced

cSMAC localization of Y188F may account for reduced CD28 signaling.
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Although the functional impact of CD28 on T cell activation can be clearly seen in CD28-

deficient T cells, analysis of the specific elements in CD28 that mediate these functions have

been difficult to define (15-20). This may be a result of both functional redundancy and in

the ability of multiple elements within CD28 to synergize in the activation of specific

signaling pathways and/or functional readouts of T cell activation. The interplay of TCR and

CD28 in the localization of proteins within the immunological synapse, in the induction of

specific signaling events, and in the functional activation/differentiation of T cells is more

intricate than the original two-signal model of costimulation. Future studies will require both

a molecular breakdown of signaling pathways along with sophisticated real time imaging

studies to define the specific roles of TCR and CD28 in T cell activation.
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Figure 1. CD28 recruitment to the IS requires ligand binding
A and B, Conjugates between DO11.10 TCR transgenic, CD4+ T cells (CD28+/+) or retrovirally transduced CD28KO T cells

expressing a CD28-CFP fusion protein (CD28-CFP) and Ag-pulsed APC were analyzed base on their ability to recruit CD28 to

the IS. CD80- APC are ProAd-ICAM cells that express MHC class II and ICAM-1, but not CD80 or CD86; while CD80+ APC

are ProAd-ICAM-B7 cells that express MHC class II, ICAM-1 and CD80. CD28+/+ T cells were stained with αCD28 to label

endogenous CD28, while localization of CD28-CFP was determined by CFP fluorescence. Representative images (A) and % of

conjugates that recruit CD28 to the IS (B; n = 50 to 65 conjugates) from one experiment representative of two (CD28-CFP) or

three (CD28 +/+) are shown. C and D, T cell conjugates with Ag-pulsed ProAd-ICAM-B7 APC were formed in the presence of

2 μg/ml mAb against CD80 (αCD80) or MHC class I (αMHC I) and analyzed for recruitment of CD28 to the IS. Representative

images (C) and % of conjugates that recruit CD28 to the IS (D, n = 50 to 65 conjugates) from one experiment representative of

three is shown. In all the images, the T cell is oriented toward the top in each panel. * p<0.0001 by two population proportion Z-

student statistical test.
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Figure 2. CD28 ligand binding is required to sustain CD28 at the IS
A, WT DO11.10 T cell conjugates with antigen-pulsed ProAd-ICAM-B7 APC were incubated 10 minutes to allow IS formation,

2 μg/ml of mAb against MHC class I or CD80 was added, and the cells were cultured for 5 or 10 minutes before fixation and

microscopic analysis. Percentage of conjugates that recruit CD28 to the IS (n = 60 conjugates) are shown. * p<0.0001 by two

population proportion Z-student statistical test. B and C, Conjugates between CD28-CFP-expressing T cells and Ag-pulsed

ProAd-ICAM-B7 APC were selected based on CD28 recruitment at the IS. Live cell imaging was done for 5 minutes prior to

addition of 2 μg/ml of anti-CD80 (B) or anti-MHC class I (C) and continued for 15 minutes after mAb addition. Representative

images at various time points are shown; complete movie are shown in Videos 1 and 2 in Supplemental Data. The apparent

change in morphology in the T cell following anti-class I addition, reflects the T cell crawling onto the top of the APC (see

Video 2 in Supplemental Data).
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Figure 3. CD28 requires constant TCR signal to persist at the IS
A - C, T cells were loaded with Indo-1-AM and mixed with antigen-pulsed, Alexa 633-labeled ProAd-ICAM-B7 APC. The cells

were analyzed by flow cytometry to established a baseline of Indo-1 fluorescence and then briefly pelleted to induce T cell:APC

conjugate formation (thin arrow on the left in A - C). The cells were resuspended, rapidly returned to the flow cytometer, and

maintained at 37°C. T cell:APC conjugates were gated based on coincident Indo-1 and Alexa 633 fluorescence and the change

in the ratio of violet to blue fluorescence of Indo-1, indicative of an increase in intracellular calcium, was monitored over time.

Data are presented as dot plots of individual conjugates (A and B) and as median calcium response of the population (C). After 7

min anti-MHC class II was added to one sample (double arrow in B and C), which resulted in a rapid decline in calcium

signaling within all the T cell:APC conjugates. Ionomycin was added at the end of the assay (thin arrow on the right in A - C) to

assure that all T cells were effectively loaded with Indo-1. D, The samples in A and B were analyzed for the percentage of T

cells that were in conjugates with APC over time in the presence and absence of anti-class II mAb. E, T cell:ProAd-ICAM-B7

conjugates were incubated 10 minutes to allow IS formation, 2 μg/ml of mAb against MHC class I or class II was added, and the

cells were cultured for 5 or 10 minutes before fixation and microscopic analysis. Percentage of conjugates that recruit CD28 to

the IS (n = 50 conjugates) are shown. This is one experiment representative of three. * p<0.0001 by two population proportion

Z-student statistical test. F, Conjugates between CD28-CFP-expressing T cells and Ag-pulsed ProAd-ICAM-B7 APC were

selected based on CD28 recruitment at the IS. Live cell imaging was done for 2 minutes prior to addition of 2 μg/ml of anti-

MHC class II and continued for 20 minutes after mAb addition. Representative images at various time points are shown; the

complete movie is shown in Video 3 in Supplemental Data.
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Figure 4. Ligand binding is not sufficient to recruit CD28 to the IS
CD28-deficient T cells were transduced with a retrovirus expressing WT CD28 or a truncated CD28 that lacks the cytosolic tail

(ΔCT) in conjunction with an IRES-GFP cassette. A and B, T cells were sorted for GFP expression and then labeled with isotype

control mAb, αCD28 mAb, or CD80/Ig fusion protein and levels of staining were compared with GFP expression. A, Dot plots

of flow cytometric analyses are shown. B, Relative mean fluorescent intensity (MFI) of αCD28 and CD80/Ig binding,

normalized to GFP, shows that for any given level of CD28 expression, WT and ΔCT CD28 binds equivalent levels of CD80/Ig.

C and D, WT or ΔCT CD28 expressing T cell:APC conjugates were incubated for 15 minutes and analyzed by microscopy.

Percentage of conjugates that recruit CD28 to the IS (n = 50) are shown (C). This is one experiment representative of two. *

p<0.0001 by two population proportion Z-student statistical test. Images that represent the different phenotype observed

between WT and ΔCT CD28 expressing T cells are shown (D). The T cell is oriented toward the top in each panel. Note that

even in the ΔCT CD28 expressing T cells that were scored as CD28 recruitment to the IS, CD28 recruitment was often

incomplete (image on right).
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Figure 5. Mutation scan identifies a single site that controls CD28 focusing to the IS
A, The sequence of the WT CD28 cytosolic tail is shown on the top line. The localization and amino acid substitution of single

amino acid point mutations are shown above and below, respectively. Only the amino acid change is shown and all the

individual mutations are included on a single line. The clustered alanine replacements (Ala-A through Ala-D) are shown on lines

3-6. Only the amino acid alterations are shown; all other positions are WT. The sequence of the cytosolic tail truncation (ΔCT)

is shown on the bottom. In this case, only the sequence remaining in the truncated construct is shown. The remainder of the

cytosolic tail (indicated by dots) is deleted. B and C, CD28-deficient T cells were retrovirally transduced with the mutants

shown in A and T cell:ProAd-ICAM-B7 conjugates were screened for CD28 focusing at the IS. Focusing was defined as CD28

concentration within less than 60% of the IS area. Data are the percentage of conjugates that focus CD28 to the IS (n = 50).
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Figure 6. Mutation of tyrosine at position 188 disrupts the ability of CD28 to focus at the IS
Conjugates between WT or Y188F CD28 expressing T cells and Ag-pulsed ProAd-ICAM-B7 were formed and analyzed for

CD28 localization. A, Representative images of conjugates are shown. The T cell is oriented toward the top in each panel. For

WT CD28 the majority of conjugates display efficient recruitment of CD28 to the IS and the majority of CD28 is focused into

the cSMAC (as shown in the two examples). In contrast, in Y188F-expressing T cells, even when CD28 is recruited to the IS

(the two images on the left), CD28 recruitment was often incomplete. B and C, Percentage of conjugates that recruit CD28 to the

IS (B, n = 60) or that focus CD28 within the IS (C, n = 50) at 15 or 45 minutes after conjugate formation are shown. # p<0.001

by two population proportion Z-student statistical test. D, The distribution of CD28 within the IS was determined by the

percentage of the IS that contained CD28. Individual T cells are shown and the thick line represent the population median (n =

34). The thin line at 60% represents the cutoff used for scoring in Panel C. One experiment representative of three is shown. The

population distribution was compared using the nonparametric Mann-Whitney test (p<0.0001).
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Figure 7. CD28 localization determines the distribution of PKCθ within the IS
CD28-deficient T cells were retrovirally transduced with WT or Y188F CD28. A and B, T cell:APC conjugates with ProAd

(fibroblast expressing MHC class II but not CD80) or ProAd-B7 (fibroblast expressing MHC class II and CD80) were analyzed

for the ability to recruit CD28 and PKCθ to the IS. Representative images (A) and frequency of conjugates that have recruited

PKCθ to the IS (B) are shown (n=50). * p<0.0001 by two population proportion Z-student statistical test. The T cell is oriented

toward the top left in each panel. C and D, Mutation at Y188 in CD28 results in a failure to concentrate PKCθ in the cSMAC. C,

The distribution of PKCθ within the IS is represented by the percentage of the IS that contains PKCθ (n = 50). Individual T

cells are shown and lines represent the population median. The population distribution was compared using the nonparametric

Mann-Whitney test (p<0.0001). D, Direct correlation between the relative distribution of CD28 and PKCθ within the IS is

shown (n = 50). The open symbols represent individual T cells and the gray line represents the lineal regression for WT CD28 T

cells, while the filled symbols represent individual T cells and the black line represents the lineal regression for Y188F-

expressing T cells. Note the majority of WT T cells are clustered at the bottom left (where both CD28 and PKCθ are focused,

while the majority of Y188F T cells are clustered in the upper right (where neither CD28 not PKCθ are focused). Strikingly, the
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linear regression lines for these two populations are essentially identical. E and F, Conjugates between WT or Y188F-expressing

T cells with ProAdB7 APC were stained for CD28 (green), PKCθ (blue), and MHC class II (red). Three-dimensional

reconstructions of the interaction site between the T cell and the APC of individual channels (top) and composites of two

channels (bottom) are shown (E). Additional examples of 3-D reconstructions of the T cell:APC interaction site of Y188F-

expressing T cells stained for CD28 (top row) and PKCθ (bottom row) are shown (F). Animated rotations of the 3-D

representations shown in the first three panels are included in Videos 4-6 in Supplemental Data. Note that the distribution of

CD28 and PKCθ are more diffuse in Y188F-expressing T cells and that the overall distribution of PKCθ mirrors the distribution

of CD28 at the IS.
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Figure 8. Mutation at Y188 diminishes the efficiency of NF-κB nuclear translocation
CD28-deficient T cells were retrovirally transduced with WT CD28, Y188F CD28, or empty vector (MIG). CD28+/+ and

CD28-deficient (CD28KO) T cells were included as controls. Conjugates with these T cells and Ag-pulsed ProAd-ICAM-B7

were stained for CD28 (green), NF-κB p65 (red), and the nucleus (blue) 45 minutes after conjugate formation. A, Representative

images are shown. The T cell is oriented toward the top in each panel. B, Percentage of conjugates that translocated visually

detectable levels of NF-κB into the nucleus (n = 40 conjugates). CD28+/+ vs CD28KO (p<0.0001), WT vs Y188F (p = 0.121),

and Y188F vs MIG (p<0.0001) by two population proportion Z-student statistical test. C, The intensity of NF-κB staining in the

nucleus of individual T cells is shown and the thick line represents the median of each population sample. The thin line across

all the samples represents the limit of detection for visual identification of NF-κB translocation into the nucleus. Although

Y188F CD28 did not impact on the frequency of T cells that activated NF-κB, the magnitude of NF-κB nuclear translocation

was significantly reduced compared to T cells expressing WT CD28. One experiment representative of three is shown. The

population distribution was compared using the nonparametric Mann-Whitney test; statistical significance between relevant

samples is shown.
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