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Summary

B7 ligands (CD80 and CD86), expressed by professional antigen presenting cells (APCs), activate 

the main costimulatory receptor CD28 on T cells in trans. However, in peripheral tissues, APCs 

expressing B7 ligands are relatively scarce. This raises the questions of whether and how CD28 

costimulation occurs in peripheral tissues. Here, we report that CD8+ T cells displayed B7 ligands 

that interacted with CD28 in cis at membrane invaginations of the immunological synapse, as a 

result of membrane remodeling driven by phosphoinositide-3-kinase (PI3K) and sorting-nexin-9 

(SNX9). Cis-B7:CD28 interactions triggered CD28 signaling through protein-kinase-C-theta 

(PKCθ) and promoted CD8+ T cell survival, migration and cytokine production. In mouse tumor 

models, loss of T cell-intrinsic cis-B7:CD28 interactions decreased intratumoral T cells and 

*Correspondence: Y.Z.: yuz798@ucsd.edu, J.D.B.: jbui@ucsd.edu, E.H.: enfuhui@ucsd.edu.
Author contributions
Conceptualization: YZ, JDB, EH
Methodology: YZ, CC, TM, CW, JDB, EH
Investigation: YZ, CC, JDB, YYC, CKL, XX, JZ
Visualization: YZ, YYC, XX
Funding acquisition: YZ, JDB, EH
Project administration: JDB, EH
Supervision: JDB, EH
Writing – original draft: YZ, JDB, EH
Writing – review & editing: YZ, JDB, EH

Declaration of interests
The authors declare no competing financial interest.

Inclusion and diversity
We support inclusive, diverse, and equitable conduct of research.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Immunity. Author manuscript; available in PMC 2024 June 13.

Published in final edited form as:
Immunity. 2023 June 13; 56(6): 1187–1203.e12. doi:10.1016/j.immuni.2023.04.005.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



accelerated tumor growth. Thus, B7 ligands on CD8+ T cells can evoke cell autonomous CD28 

costimulation in cis in peripheral tissues, suggesting cis-signaling as a general mechanism for 

boosting T cell functionality.

eTOC blurb:

Classically, B7 ligands on antigen presenting cells (APC) activate the T cell costimulatory 

receptor, CD28. Zhao et al. reveal that B7 on T cells can activate CD28 in cis at endocytosis-

associated membrane curvatures. This cis-signaling promotes anti-tumor T cell responses and 

explains how T cells sustain functionality in APC-sparse tissues.

Introduction

CD28 is a costimulatory receptor expressed on all mouse and human T cells at birth that 

regulates T-cell-receptor (TCR) responses both quantitatively and qualitatively.1–4 Aging-

associated loss of CD28 in human T cells is correlated with compromised immune responses 

to pathogens.5–7 Aberrant CD28 signaling is a defining feature of T cell dysfunction in 

cancer, autoimmunity and viral infection.8–10 Although earlier work suggested that CD28 

is more important for CD4+ T cells, its significance in CD8+ T cells is being increasingly 

recognized, including priming naïve CD8+ T cells and regulating effector and memory CD8+ 

T cells.11–13

CD28 has two ligands, B7–1 (CD80) and B7–2 (CD86), best known to be expressed on 

professional antigen presenting cells (APCs).14 B7:CD28 trans-interactions in the secondary 

lymphoid organs trigger critical signal 2 alongside TCR ligation that promotes T cell 

proliferation, survival, migration and cytokine production.3 However, B7 ligands can be 

limited in peripheral tissues due to the general lack of B7 expression on non-immune 

cells, raising the questions of whether and how CD28 costimulation might occur in tissues. 

B7 ligands are also displayed by T cells, either through translation of T-cell-intrinsic 

CD80 and CD86 mRNAs or trogocytosis, a process by which T cells acquire membrane 

proteins from APCs upon physical contact.15–18 In mice with experimental autoimmune 

encephalomyelitis, T cells are the main B7-expressing cells in pathological tissues19 

However, the physiological significance of T cell B7 is unclear.

Here we hypothesized that CD28 can interact with B7 in cis on the T cell surface/

membrane for costimulation. We determined the existence, topological requirement, 

subcellular localization and physiological consequence of cis-B7:CD28 interactions. We 

provide evidence that cis-B7:CD28 signaling occurs at invaginated synaptic membranes and 

promotes anti-tumor activity of effector CD8+ T cells.

Results

A Subpopulation of CD8+ T cells Co-express CD28 and B7 ligands

In light of previous reports of B7 expression by T cells,15,18,20 we used flow cytometry 

to measure CD80 and CD86 surface expression kinetics on OT-1 transgenic CD8+ T cells 

primed by ovalbumin peptide 257–264 (OVA257–264). CD80 and CD86 were expressed 
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on a subset of naïve OT-1 cells, and elevated upon peptide stimulation. The frequency of 

CD28+CD80+ and CD28+CD86+ OT-1 cells reached 82% and 71% respectively (Figure 1A, 

see Figure S1 for gating strategy). Thus, CD8+ T cells co-express CD28 and B7 ligands 

especially after antigen exposure.

Both CD80 and CD86 Interact with CD28 in Cis

To determine whether CD28 associates with B7 in cis, as indicated by prior colocalization 

analyses,21,22 we used super-resolution stochastic optical reconstruction microscopy 

(STORM) to examine the sub-diffraction association of CD28 and B7. We co-expressed 

CD28 with SpyTagged-CD80, CD86, or PDL1 (negative control) in HEK293T cells, 

stained CD28 with CF568-labeled antibody, and Spy-B7 or Spy-PDL1 with JF646-labeled 

SpyCatcher.23 STORM imaging of the plasma membrane showed stronger colocalization of 

CD28 with B7 than with PDL1 (Figure 1B), suggesting physical proximity of co-expressed 

CD28 and B7 ligands.

To further examine the cis-interactions between CD28 and B7, we determined their 

molecular proximity at a single cell level using microscopy-based Förster resonance energy 

transfer (FRET). We co-expressed CLIP-tagged CD28 and SNAP-tagged CD80, CD86 or 

PDL1 in HEK293T cells, and labeled CD28 with CLIP-Dy547 (energy donor), and CD80, 

CD86 or PDL1 with SNAP-AF647 (energy acceptor). FRET, manifested by the recovery 

of donor fluorescence upon acceptor photobleaching, was evident between CD28 and B7, 

and was lower between CD28 and PDL1. Moreover, CD28:B7 FRET was abrogated by 

abatacept, an immunoglobulin (Ig) fusion protein of CTLA4 that binds B7 tightly and blocks 

CD28:B7 interactions (Figure 1C). Thus, CD28 can interact with both CD80 and CD86 in 

cis.

Cis-B7:CD28 Interactions Stimulate T Cell Activity

We next examined whether cis-B7:CD28 interactions modulate T cell activity using a 

reporter Jurkat line expressing NFκB:GFP and AP1:mCherry,24 enabling us to quantify 

both NFκB and AP1 activities using flow cytometry. Secretion of IL-2, downstream of 

NFκB and AP1, was also examined. We generated reporter Jurkat lines and Raji APCs 

stably expressing CD80, CD86, or neither (Figure S2A), enabling coculture conditions in 

which the B7 ligand was presented to CD28 in cis, in trans, or both. To minimize potential 

trans-B7:CD28 interactions between T cells, we cultured Jurkat reporter cells with 100-fold 

excess of Raji APCs.

Under B7-free conditions, TCR stimulation by superantigen staphylococcal enterotoxin 

E (SEE) induced appreciable NFκB, AP1, and IL-2 signals compared to the SEE-free 

condition (Figure 2A); these reflected TCR-mediated responses without CD28 signaling. 

Expression of either CD80 or CD86 on Raji cells, i.e., providing trans-B7 to CD28, 

increased all three signals (Figure 2A), as expected. Expression of CD80 or CD86 on 

reporter Jurkat cells, i.e., providing cis-B7, at amounts comparable to trans-B7 (Figure 

S2A), further enhanced NFκB, AP1, and IL-2 signals (Figure 2A), despite decreased CD28 

expression (Figure S2B). Compared to the cis-B7 alone, co-existence of cis-B7 and trans-B7 

decreased all three signals (Figure 2A), suggesting that trans- and cis-B7 compete for CD28. 
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The cis-B7 effects were mediated by CD28 binding and signaling, since abatacept abrogated 

these effects (Figure 2A), or by deletion of CD28 from Jurkat cells (Figure S2C). Confocal 

imaging revealed that 98% of Jurkat cells formed contacts with Raji cells, rather than with 

another Jurkat cell (Figure S2D), suggesting that trans-B7:CD28 interactions between Jurkat 

reporter cells were rare. Altogether, these data suggest that cis-B7:CD28 interactions can 

robustly activate CD28.

To examine the role of B7 on primary T cells, we isolated T cells from wild-type 

(WT) or B7-deficient (CD80−/−CD86−/−) C57BL/6J mice, and primed them with anti-

CD3ε and anti-CD28 to induce B7 expression on the WT T cells. Upon restimulation 

with CD80−/−CD86−/− splenocytes loaded with anti-CD3ε, B7-deficient T cells had a 

decreased frequency of IFNγ+ cells than WT T cells (Figure 2B), indicating a requirement 

of T cell B7 in optimal effector activity. For human T cells, we detected both B7+ 

and B7− population upon polyclonal stimulation of peripheral blood mononuclear cells 

(PBMCs) with Staphylococcal enterotoxin B (SEB). Upon restimulation with SEB-loaded 

CD80−/−CD86−/− Raji cells, both B7+ and B7− T cells were TCR-activated, as indicated by 

CD69 expression (Figure S2E). However, more B7+ human T cells became IFNγ+ than their 

B7− counterparts (Figure 2C). Collectively, these data suggest that B7 expression enhances 

IFNγ production by T cells.

Cis-B7:CD28 Interactions Occur in a Head-to-Head Fashion Promoted by Negative 
Membrane Curvatures

The results that abatacept, known to block trans-B7:CD28 interactions, also inhibited cis-

B7:CD28 FRET and signaling (Figure 1 and 2) imply that cis-B7 and trans-B7 bind to 

the same site on CD28. Supportive to this notion, mutations that disrupt trans-B7:CD28 

interactions, CD28 MYPPPY→SGGG,25 CD80 Y65A,26 and CD86 F56A,26 each inhibited 

the cis-B7:CD28 FRET (Figure 3A). Moreover, molecular docking showed that both CD80 

and CD86 bind CD28 most favorably in an antiparallel, head-to-head fashion (Figure 3B). 

These data suggest that cis-B7:CD28 interactions occur in a head-to-head mode, akin to the 

well-documented trans-B7:CD28 interactions.

A head-to-head cis-binding would require bending of the proteins or membrane 

invagination, the latter of which would cause the intracellular domains (ICDs) of the 

interacting proteins to be further apart. Thus, we distinguished these two possibilities by 

probing FRET between B7 ICD and CD28 ICD. When ICD-tagged CD28-CLIP and B7-

SNAP were co-expressed in HEK293T cells and labeled with Dy547 (donor) and AF647 

(acceptor) respectively, we detected little FRET, similar to negative controls in which B7 

was blocked by abatacept or replaced with PDL1 (Figure 3C). By contrast, FRET was 

evident between the ectodomain (ECD)-tagged CD28 and B7, as in Figure 1C. Thus, when 

B7 and CD28 interact in cis, their ICDs are more distal while the ECDs remain proximal, 

consistent with head-to-head binding. In contrast, parallel experiments on the cis-interacting 

PDL1:CD80 pair27–29 detected substantial FRET when both proteins were ICD labeled, 

consistent with side-by-side cis-binding (Figure 3C).

We next sought to verify the results of FRET experiments using bimolecular luminescence 

complementation (BiLC), which couples molecular proximity with the reconstitution of 
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a functional luciferase.27,30 We incorporated large and small halves of nano-luciferase 

(LgBiT and SmBiT) to co-expressed CD28 and B7, respectively, either to the ECD or 

ICD. Compared to the abatacept-treated condition, luminescence was detected when LgBiT 

and SmBiT were coupled to the ECDs of CD28 and B7, but not when coupled to the 

ICDs (Figure 3D and E). In contrast, both the ECD- and ICD-tagged CD80:PDL1 pair 

exhibited strong luminescence compared to conditions containing atezolizumab, which 

blocks CD80:PDL1 interaction.28 Trans-B7:CD28 interactions in this experiment were 

prevented by a large excess of untransfected cells, with most CD28+B7+ cells seen 

in isolation (Figure S3A). Indeed, a 1:1 mixture of CD28-transfected culture and B7-

transfected culture produced little luminescence (Figure 3F). CD28 and B7 expression 

were comparable across all conditions (Figure S3B, C). Altogether, these data indicate that 

cis-CD28:B7 interactions occur in a head-to-head fashion, in which their ECDs associate but 

ICDs are apart.

To further test if membrane curvatures regulate cis-B7:CD28 interactions, we asked whether 

inducing artificial negative curvatures promotes cis-B7:CD28 interactions. We transfected 

HEK293T cells with SNAP-B7, CLIP-CD28 or CLIP-PDL1, and curvature inducers (FRB 

fused to the F-BAR domain of formin-binding-protein-17 [FRB-FBP17], and FKBP fused to 

a plasma-membrane-targeting sequence CAAX [FKBP-CAAX]). Upon rapamycin (rapa) 

addition, FKBP recruited F-BAR to the plasma membrane, leading to F-BAR-induced 

membrane invaginations31 that strongly enriched FRB-FBP17 due to the matching curvature 

of the F-BAR domain (Figure 3G, left). In ECD-tagged FRET assays, rapamycin enhanced 

cis-B7:CD28 interactions but not cis-CD80:PDL1 interactions in an abatacept sensitive 

fashion (Figure 3G, right). Thus, negative membrane curvatures promote cis-B7:CD28 

interactions.

Cis-B7:CD28 Interactions Are Promoted by Endocytosis Associated Membrane Curvatures

Although artificially induced membrane invaginations promoted cis-B7:CD28 interactions, 

we noted considerable cis-B7:CD28 interactions in the absence of rapa (Figure 3G), 

indicating that natural cellular processes can produce negative curvatures required for cis-

B7:CD28 interactions. Given the association of endocytosis with membrane invagination, 

we next asked whether endocytosis promotes cis-B7:CD28 interactions. Because CD28 

is internalized via clathrin-mediated endocytosis (CME),32 we elected to use a dominant-

negative mutant of Eps15 (Eps15DN) that blocks the initiation of CME.33 Confocal 

imaging showed that Eps15DN expression in HEK293T cells decreased intracellular CD28 

(Figure 4A), consistent with a prior report that CD28 is internalized via CME.32 When 

introduced into HEK293T cells, Eps15DN suppressed both SNAP-CD80:CLIP-CD28 FRET 

and SNAP-CD86:CLIP-CD28 FRET (Figure 4A, B). In contrast, Eps15DN did not affect 

cis-PDL1:CD80 interactions, even though it appeared to inhibit PDL1 internalization 

(Figure S4A). Thus, endocytosis-associated membrane curvatures promote cis-CD28:B7 

interactions.

To more specifically test the impact of CD28 endocytosis on cis-activation by B7, we 

examined two CD28 mutants: CD28(Y191F), with impaired endocytosis due to defective 

phosphoinositide 3-kinase (PI3K) binding;34 and CD28(CD45TM), with the transmembrane 
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domain (TMD) replaced by the shorter domain of CD45 to enhance endocytosis as short 

TMDs typically correlate with endomembrane localizations.35,36 Indeed, after the surface-

exposed population of the foregoing CD28 mutants were stained on ice (an endocytosis-

inhibited condition), CD28(Y191F) and CD28(CD45TM) showed impaired and enhanced 

endocytosis at 37 °C respectively, compared to CD28(WT), evident from both flow 

cytometry and confocal imaging (Figure 4C).

We next examined how endocytosis mutants affect cis-B7:CD28 interactions. We co-

transduced SNAP-CD80 or SNAP-CD86 with CLIP-tagged CD28 WT, CD28(Y191F), 

or CD28(CD45TM) to Jurkat cells, and examined cis-B7:CD28 FRET. Compared to 

CD28(WT), CD28(Y191F) decreased the FRET, while CD28(CD45TM) increased the 

FRET (Figure 4D). IL-2 secretion downstream of cis-signaling showed a similar trend 

in response to the endocytic abilities of CD28 (Figure 4E), even though CD28 surface 

expression showed an opposite trend (Figure S4B). In contrast, activation of CD28 by 

trans-B7 did not correlate with endocytic activity: CD28(Y191F) Jurkat cell secreted similar 

amounts of IL-2 as CD28(WT) (Figure 4F), as reported,37,38 whereas CD28(CD45TM) 

Jurkat cell secreted less IL-2 (Figure 4F), likely due to its lower surface expression (Figure 

S4B). These results suggest that CD28 endocytosis promotes cis-B7:CD28 signaling while 

limiting trans-B7:CD28 signaling.

We next combined split-APEX239 and transmission electron microscopy (TEM) to probe 

the curvature preference of cis-B7:CD28 complexes. Since direct fusion of CD28 or B7 

with split APEX2 extensively localized the fusion protein to the endoplasmic reticulum, we 

used the SpyTag:SpyCatcher and ALFA-tag:ALFA-nanobody (NbALFA) system40 to couple 

split APEX2 to B7 and CD28. We co-expressed Spy-CD80 or Spy-CD86 with ALFA-CD28, 

or Spy-CD80 with ALFA-PDL1 in Jurkat cells. We then labeled Spy-B7 with SpyCatcher 

fused to the N-terminal half of APEX2 (AP-SpyCatcher), ALFA-CD28 or ALFA-PDL1 with 

NbALFA fused to the C-terminal half of APEX2 (EX-NbALFA). Since molecular proximity 

is a prerequisite for the functional reconstitution of APEX2 from the split partners, we 

expected to detect APEX2-mediated staining of 3,3’-diaminobenzidine (DAB), a substrate 

of APEX2, specifically at the sites of cis-complexes. In both CD80:CD28 and CD86:CD28 

co-expressing cells, TEM revealed dark DAB precipitates at plasma membrane invaginations 

and vesicles underneath the plasma membrane (Figure 4G). In contrast, in CD80:PDL1 

co-expressing cells, DAB precipitates were detected on flat membranes (Figure 4G). These 

data provided visual evidence that cis-B7:CD28 interactions occur at negatively curved 

membranes.

Cis-B7 Promotes the Accumulation of CD28 and PKCθ at the Immune Synapse and De-
sequesters the CD28 Intracellular domain from Membranes

We next investigated the mechanism by which cis-B7:CD28 interactions co-stimulate TCR 

signaling. When CD28+CD80−CD86− Jurkat cells contacted SEE-loaded CD80−/−CD86−/− 

Raji APCs, CD28 was diffuse along the plasma membrane of Jurkat cell, whereas PKCθ, 

a common effector for CD28 and TCR,41–43 was weakly enriched at the Jurkat:Raji cell 

interface (Figure 5A), likely due to TCR activation. Co-expression of CD80 and CD86 

with CD28 on Jurkat cells increased synaptic CD28 and PKCθ, which was abrogated by 
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abatacept (Figure 5A). Thus, B7:CD28 cis-interactions rather than their co-expression per 

se caused CD28 and PKCθ synaptic recruitment. PKCθ primarily colocalized with CD28 

at the synaptic membrane, rather than intracellular vesicles (Figure 5A), suggesting that 

plasma membrane invaginates rather than vesicles are major sites for cis-B7:CD28 signaling. 

Because cis-B7:CD28 interactions occur primarily at invaginated membranes (Figure 4G), 

the synaptic localization of cis-B7:CD28 complexes is consistent with prior reports that the 

immune synapse (IS) is a focal point of receptor endocytosis.44,45 Indeed, substitution of 

CD28(WT) with endocytosis mutant CD28(Y191F) decreased the cis-B7-mediated synaptic 

recruitment of CD28 and PKCθ to similar degrees as CD28(Y209F), wherein the PKCθ 
docking site was mutated (Figure 5A). The less synaptic localization of CD28(Y209F) 

compared to CD28(WT) might be due to its inability to recruit Lck,46 thereby mirroring the 

CD28(Y191F) phenotype through preventing Y191 phosphorylation. Consistent with this 

result, both Y191F and Y209F inhibited IL-2 secretion induced by cis-B7:CD28 signaling. 

In contrast, IL-2 induced by trans-B7:CD28 signaling was inhibited by Y209F but not 

by Y191F (Figure 5B). These results suggest that both trans- and cis-B7:CD28 signaling 

depend on PKCθ recruitment, but only cis-signaling requires PI3K binding.

CD28 signaling is restricted by the association of its basic ICD with acidic membrane lipids, 

limiting its access to effectors (Figure 5C, top).47,48 Membrane-sequestration of CD28 

ICD can be released by CD80:CD28 interaction.47 Therefore, we tested whether cis-B7 

affected the membrane association of CD28 ICD, using a FRET assay as described.48 In 

the absence of cis-B7, CD28-TFP (donor) and the lipophilic dye Octadecyl Rhodamine 

B (R18, acceptor) in Jurkat cells exhibited FRET, as evidenced by recovery of TFP 

fluorescence upon R18 photobleaching (Figure 5C). The presence of cis-B7 decreased 

CD28-TFP:R18 FRET, and this effect was abrogated by abatacept (Figure 5C). Thus, cis-

B7:CD28 interactions release CD28 ICD from membrane sequestration.

SNX9 Promotes Synaptic Accumulation and Signaling of Cis-B7:CD28 Complexes

Since the PI3K-binding deficient mutant CD28(Y191F) cannot be activated by cis-B7, 

we next asked how CD28:PI3K association promotes cis-B7:CD28 interactions and its 

downstream signaling. Upon engagement by trans-B7 or agonist antibodies, CD28 recruits 

a membrane-remodeling protein SNX9, which drives inward membrane tubulation at 

CD28 microclusters49 and promotes CD28 endocytosis.32 Additionally, Y191F mutation 

inhibits CD28:SNX9 association, indicating that PI3K bridges CD28 and SNX9.32,49 

Based on these studies, we hypothesized that SNX9 regulates cis-B7:CD28 interactions 

through a positive feedback loop involving CD28:PI3K interaction, SNX9 recruitment 

and SNX9-driven membrane invagination, as depicted in Figure 6A. To test this model, 

we first determined whether SNX9 deficiency affects B7:CD28 cis-FRET in T cells 

upon their APC contact. We co-expressed CLIP-CD28 and SNAP-CD80 or SNAP-CD86 

in either SNX9+/+CD28−/− or SNX9−/−CD28−/− Jurkat cells. Upon conjugation with 

CD80−/−CD86−/− Raji APCs, SNX9−/−CD28−/− Jurkat cells showed reduced cis-B7:CD28 

FRET compared to SNX9+/+CD28−/− Jurkat cells (Figure 6B). This suggests that SNX9 

promotes cis-B7:CD28 interactions. Consistent with the FRET data, SNX9 deficiency 

decreased cis-B7 induced PKCθ recruitment and IL-2 production in CD28-expressing Jurkat 

cells (Figure 6C, D).
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We further examined CD28 and SNX9 colocalization at the IS using Z-stack 

imaging. We stimulated CD28(WT)+CD80+CD86+mGFP-SNX9+ or CD28(Y191F)
+CD80+CD86+mGFP-SNX9+ Jurkat cells using a supported lipid bilayer (SLB) containing 

anti-CD3ε and ICAM1, and acquired Z-stack images from the cell-SLB contact zone to ~15 

μm into the cell using Airyscan confocal microscopy. CD28(WT) formed microclusters that 

colocalized with mGFP-SNX9 (Figure 6E). Z-stack reconstruction images in the X-Z and 

Y-Z planes revealed SNX9+ structures that emanated from the synapse, extended into the 

cell interior, and colocalized with membrane lipids (Figure 6E), consistent with inward 

membrane tubulation as reported.50 CD28(WT) exhibited a tooth-like pattern enriched 

at the base of these SNX9+ membrane structures (Figure 6E, upper row). By contrast, 

CD28(Y191F) formed few microclusters and did not appear to colocalize with SNX9 foci 

(Figure 6E, bottom row). Thus, CD28:PI3K interaction is required for CD28 to localize 

to SNX9-driven membrane invaginations, an environment that promotes cis-B7:CD28 

interactions.

Pharmacological Blockade of cis-B7:CD28 Interactions Inhibits CD8+ T cell Function and 
Anti-Tumor Activity

We next examined the functional relevance of cis-B7:CD28 interactions in CD8+ T 

cells in vitro. Using an in vitro model consisting of B16OVA (melanoma H-2Kb cell 

line expressing the ovalbumin model antigen) and OT-1 T cells (which express a TCR 

recognizing OVA257–264 peptide presented by H-2Kb), we assessed the impact of cis-

B7:CD28 interactions on cytokine production, proliferation, survival, and migration, which 

are typically promoted by trans-B7:CD28 interactions.4,51–53 We cocultured OVA257–264 and 

IL-2 primed OT-1 cells, expressing both CD80 and CD86 (Figure 1A), with 5-fold excess 

B16OVA cells or OVA-deficient B16F10 cells in the presence or absence of abatacept. 

B16F10 and B16OVA lacked B7 expression as reported,54 even in the presence of IFNγ, 

which did induce PDL1 expression on these cells (Figure S5). Moreover, the excess tumor 

cells quickly outgrew OT-1 cells and prevented T:T contact, evident under light microscopy 

(Figure S6A), presumably limiting B7:CD28 interactions to the cis modality. As compared 

to B16F10, B16OVA stimulated IL-2, IFNγ, and granzyme B (GzmB) production from 

OT-1 cells, indicating antigen-dependent T cell activation. Disruption of cis-B7:CD28 

interactions by abatacept inhibited IL-2, IFNγ, GzmB production and OT-1 cell survival 

(Figure 7A, B).

Because CD28 regulates memory T cell trafficking,53 we induced central-memory-like T 

cells via IL-1555 and examined the effects of abatacept on OT-1 cell migration (Figure 

7C). We found that 60% of IL-15-primed OT-1 cell, but not IL-2-primed effector-like 

OT-1 cell, migrated cross fibronectin (FN)-coated transwells. Abatacept treatment decreased 

this migration to 40% (Figure 7C). Transwell migration of OT-1 cell was negligible in 

the absence of FN coating (Figure 7C), indicating that migration was induced by FN 

interaction with T cell adhesion molecules such as VLA-4.56 Because integrin LFA-1 also 

contributes to T cell migration,57 we next assessed the impact of cis-B7:CD28 interactions 

on LFA-1 activity by imaging actin foci, a marker of LFA-1 activation.58 When IL-15-

treated, LifeAct-mCherry-transduced OT-1 cells contacted a glass plate containing LFA-1 

ligand ICAM1, abatacept treatment reduced actin foci formation as revealed by total 
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internal reflection fluorescence (TIRF) microscopy (Figure 7D). These data suggest that 

cis-B7:CD28 interactions promote T cell migration via stimulating LFA-1 activity.

Despite the aforementioned effects, abatacept did not affect OT-1 cell proliferation, as 

shown by Ki67 expression (Figure 7E). Thus, cis-B7:CD28 interactions promote multiple 

functionalities of primed CD8+ T cells, but not proliferation.

To assess the impact of cis-B7:CD28 interactions on anti-tumor activity in vivo, we 

adoptively transferred peptide-primed OT-1 T cells into B16OVA-bearing Cd80−/−Cd86−/− 

C57BL/6J mice in the presence of either abatacept or control IgG (Figure 7F schematic). 

The B7 deficient background of the host ensured exclusive expression of CD80 and CD86 

on OT-1 cells, without trans-B7 contribution from professional APCs or CD45− tumor cells 

(Figure S6B). After transfer of the primed OT-1 cells on day 5, we found that disruption 

of B7:CD28 interactions by abatacept promoted tumor growth (Figure 7F, p < 0.01). 

Histological analysis of 21 tumors revealed limited T:T contacts in tumor tissue (Figure 

S6C), suggesting that T-cell-intrinsic cis-B7:CD28 interactions promote the anti-tumor 

activity of OT-1 cells.

Abatacept treatment decreased the abundance of OT-1 cells in the tumor (Figures 7G, see 

Figure S7A for gating strategy), but did not decrease the abundance of circulating OT-1 cells 

(Figure 7G), suggesting a role for cis-B7:CD28 interactions in infiltration and/or survival 

of T cells in tumor tissue. Given that cis-B7:CD28 interactions promoted the migration 

of memory-like T cells in vitro (Figure 7C, D), we specifically examined the memory 

T cells in the blood and tumor. On Day 26–29 after tumor inoculation, 80% of OT-1 

cells in the blood and 40% of OT-1 cells in the tumor had a central memory phenotype 

(Tcm, CD62LhighCD44+), unaffected by abatacept treatment (Figure S7B), indicating no 

effect of cis-B7:C28 interaction on Tcm differentiation. In contrast, abatacept decreased the 

abundance of tumor-infiltrating Tcm but not circulating Tcm (Figure 7H) and suppressed 

the effector function of tumor-infiltrating OT-1 cells, decreasing TNFα and IFNγ expression 

while increasing PD1 expression (Figure 7I, Figure S7C).

A CD28 Mutation that Disrupts Cis- but not Trans-B7:CD28 Signaling Impairs Anti-Tumor 
CD8+ T Cell Activity

We next determined the physiological significance of cis-B7:CD28 signaling in the 

presence of trans-B7:CD28 signaling. We examined in WT host mice whether the PI3K-

binding mutant of CD28, which can undergo trans- but not cis-signaling (Figure 4E, F), 

compromises the anti-tumor activity of T cells. We isolated naïve CD8+ T cells from 

Cd28−/− OT-1 mice, and transduced the cells with either Cd28(WT) or Cd28(Y170F), 
the latter of which had the PI3K docking site disrupted, equivalent to Y191F in human 

CD28. After coculture with OVA-loaded B16F10 cells, Cd28(Y170F)-reconstituted OT-1 

cells produced less IL-2, IFNγ and GzmB than Cd28(WT)-reconstituted cells (Figure 7J), 

and formed fewer actin foci upon contacting ICAM1-containing plate (Figure S7D). When 

adoptively transferred to B16OVA-bearing WT C57BL/6J mice, Cd28(Y170F)+ OT-1 cells 

were less capable of inhibiting tumor growth than Cd28(WT)+ cells (Figure 7K). Although 

Y170F had limited effect on TNFα and IFNγ expression, it decreased both total and 
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Tcm population in tumor but not in blood (Figure 7L–N). These data demonstrate that 

cis-B7:CD28 signaling is required for optimal anti-tumor activity of CD8+ T cells.

Discussion

In the current paradigm, CD28 is activated in trans by B7 ligands expressed on professional 

APCs in secondary lymphoid organs.3,4,59 Here, we showed that B7 ligands displayed 

by primed T cells activated CD28 in cis at negative curvatures of the IS, leading to 

T-cell-autonomous costimulation that enhanced cytokine production, survival, migration, 

and anti-tumor activity of primed CD8+ T cells.

Effector cells typically require less CD28 costimulation than naïve cells, but our results 

suggest a role of cis-B7:CD28 signaling in effector CD8+ cells. This is in line with 

prior findings that blockade of B7:CD28 interactions prevents anti-PDL1 mediated rescue 

of CD8+ exhausted T cells in lymphocytic choriomeningitis virus and tumor models.13 

Although this prior study did not examine the source of B7, the limited B7 expression in 

non-lymphoid cells supports the concept that cis-B7:CD28 signaling contributes to CD8+ T 

cell effector function. Additionally, CD86 expression on T cells is associated with strong 

immune responses to acute human hepatitis C virus infection.18 In the case of cancer, 

B7-expressing DCs can infiltrate tumors, but are unlikely to provide sufficient trans-B7 to 

T cells because DCs represent only 1% of the total immune infiltrates and predominantly 

localize at T-cell-sparse marginal regions.60 The ability of T cell B7 to cis-activate CD28 

suggests that antigen-experienced T cells are able to auto-stimulate in DC-sparse zones.

Despite cis-B7:CD28 signaling, T cell control of tumor growth diminished at late 

timepoints, suggesting that other factors are required in long-lasting tumor immunity. 

Indeed, if cis-signaling initiates from T cell B7 induction and trogocytosis in the lymph 

nodes, then the natural endocytosis and degradation of B7 would provide a time limit to 

this cis-signaling. Thus, for effective tumor immunity, renewal of B7 on T cells would need 

to occur via intratumoral APCs providing B7 for trogocytosis, in essence “re-fueling” T 

cells for extended activity. This could synergize with releasing the brakes via checkpoint 

blockade. In fact, the presence, quantity, and type of DCs that inhabit tumors could predict 

prognosis and responsiveness to immune therapy.60–63

Our study suggests that cis and trans-B7 engage competitive binding to CD28, but either is 

sufficient for triggering CD28-PKCθ signaling at the IS. Cis-CD28 signaling appeared to 

mirror trans-CD28 signaling in promoting survival, migration and cytokine release, but did 

not enhance proliferation of T cells as does trans-CD28 signaling. While this may indicate a 

distinction between cis- and trans-CD28 signaling, it could also be due to the use of primed 

T cells in this study, as opposed to naïve T cells used in prior studies on proliferation. 

Indeed, the proliferation of primed T cells depends mainly on 4–1BB rather than CD28.64,65

Trans-B7:CD28 interactions can occur upon T cell contact with DCs or other T cells66 as 

observed during T-cell priming in lymph nodes, where many proliferating T cells cluster 

with fewer DCs.67 However, primed T cells disperse from the clusters in about 36 h,67 and 

such clusters are not observed in tumor tissues.60,63 Moreover, our analysis of B16OVA 
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tumors via immunohistochemistry revealed that individual T cells are surrounded by excess 

tumor cells. Thus, whereas trans-B7:CD28 interactions promote T cell priming in lymphoid 

organs, cis-signaling is likely the major mode of CD28 activation in peripheral tissues due to 

limited APC:T or T:T contacts, especially in APC-sparse tumors.

CD28-crosslinking can induce actin polymerization even without TCR stimulation.68 In line 

with this, blockade of cis-B7 inhibited actin foci formation in the absence of TCR signal. 

This indicates a TCR-independent function of CD28 and that cis-B7:CD28 interactions can 

promote T cell migration into peripheral tissues.

Our results suggest that while cis-PDL1:CD80 interactions occur in a side-by-side parallel 

modality, cis-B7:CD28 interactions occur in a head-to-head, anti-parallel configuration that 

are facilitated by membrane invagination. Indeed, cis- but not trans-B7:CD28 signaling was 

positively correlated with CD28 endocytosis. Thus, whereas endocytosis down-modulates 

cell-cell trans-signaling by removing receptors from cell surface,69 endocytosis-associated 

membrane curvatures might promote cell-autonomous cis-signaling. Conversely, a strained 

cis-complex preformed on flat membranes might partition to endocytosis site for free 

energy minimization, thereby promoting receptor endocytosis. Indeed, expression of cis-

B7 decreased CD28 surface expression. Thus, cis-signaling and endocytosis might be 

intrinsically coupled.

Prior studies suggest either required or dispensable roles for PI3K in CD28 signaling.52,70,71 

Here we show that PI3K promotes cis- but not trans-B7:CD28 signaling through inducing 

membrane invaginations. Additionally, PI3K might recruit CD28 to pre-existing SNX9-

containing membrane curvatures. This notion is supported by the synaptic SNX9 signal seen 

in a subset of cells expressing the PI3K binding mutant CD28(Y191F). Such SNX9 signals 

might be due to TCR signaling, known to activate PI3K.72 However, the lack of synaptic 

recruitment of CD28(Y191F) suggests that PI3K is required to bridge CD28 and SNX9. 

CD86 may also directly signal through PI3K,73 suggesting that cis-B7:CD28 interactions 

might promote signaling through both CD28 and B7. Other PI3K recruiting receptors, 

such as ICOS, CD2 and CD226, might engage cis-signaling via a similar mechanism 

involving SNX9 or similar membrane remodeling proteins. Indeed, cis-signaling mediated 

by CD2:CD58 interactions has been reported.74–76

The extracellular height of a B7:CD28 complex is ~13 nm,77 thus, their head-to-head cis-

binding requires closely apposed membranes. Our data suggest that this configuration could 

be provided by SNX9 induced narrow membrane tubules, with outer diameters measured 

at 20–100 nm.49,78,79 A 20 nm lipid tubule would have an inner diameter of ~12 nm 

that allows B7 and CD28 to interact across the lumen. Such sharp membrane curvatures 

might also be facilitated by SNX9 paralogs, actin cytoskeleton and dynamin, a membrane 

constrictor recruited by SNX9.80

The present study supports the notion that local membrane curvatures actively modulate 

receptor signaling. Membrane protrusions such as microvilli can promote T cell activation 

by sorting signaling molecules.81,82 Here we show that the PI3K-SNX9 induced tubular 

invaginations sort cis-B7:CD28 complexes to the IS, where TCR signaling components 
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are also enriched. The juxtaposition of cis-B7:CD28 complexes with the TCR presumably 

allows for efficient cis-costimulation. Such tubular invaginations may be considered as cis-

synapses that promote cell autonomous signaling. Thus, membrane geometry and dynamics 

represent an underappreciated dimension of T cell signaling and suggest inroads for 

manipulating T cell activities.

Limitations of the study:

Some schematics of this study assume that cis-B7:CD28 interactions occur in a pseudo-

trans modality at sharp membrane tubules emanating from the immune synapse, but 

we have not provided definitive visual evidence due to limited resolution of confocal 

microscopy. Such evidence would require super-resolution microscopy at 3D resolution. 

Our experimental tumor model addressed the contribution of cis-B7:CD28 signaling only 

during the effector stage of CD8+ T cell activity. This model did not allow for long-term 

studies of cis-B7:CD28 signaling in T cell memory formation or maintenance. It models 

acute inflammation of cancer in humans but does not resemble indolent cancers that form 

over years in people. Future studies are needed to address the functional relevance of 

cis-B7:CD28 signaling in other T cell subsets, during other stages of the immune response 

and in other disease settings. Moreover, while abatacept was used in this study as a B7 

blocker, we did not address the potential regulation of cis-CD28 signaling by endogenous 

CTLA4. It is likely that the cis-B7:CD28 signaling observed here was already mitigated 

by CTLA4 action. Thus, we expect a greater effect of abatacept or PI3K-binding mutant 

had CTLA4 been deleted from our system. Likewise, other negative regulators such as PD1 

could also reduce the signals observed here in primary cells and tumor models.

STAR Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Enfu Hui (enfuhui@ucsd.edu)

Materials availability—All materials supporting the findings of this study are available 

from the lead author upon reasonable request.

Data and code availability—All data generated supporting the findings of this study 

are available in the manuscript. Further information is available from the lead author upon 

reasonable request. This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Cultures—HEK293T cells (RRID: CVCL_0063), Phoenix-ECO cells (RRID: 

CVCL_H717) and Platinum E cells (RRID: CVCL_B488) were maintained in DMEM 

medium (Corning, 10017CV) supplemented with 10% fetal bovine serum (Omega 

Scientific, FB-02), 100 U/mL of Penicillin (GE Healthcare, SV30010), and 100 mg/mL 

of Streptomycin (GE Healthcare, SV30010) at 37 °C, 5% CO2. Jurkat cells (RRID: 

CVCL_0065) and Raji cells (RRID: CVCL_0511) were maintained in RPMI 1640 medium 

(corning, 10–041-CM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL of 
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Penicillin, and 100 mg/mL of Streptomycin) at 37 °C, 5% CO2. Jurkat and Raji cells 

were authenticated by ATCC using short tandem repeats (STR) profiling. OT-1 splenocytes 

were harvested from both male and female C57BL/6-Tg (TcraTcrb) 1100Mjb/J (OT-1) mice 

(Jackson Laboratory) or Cd28−/− OT-1 mice (home-bred). WT and B7 deficient mouse 

splenocytes were harvested from WT C57BL/6J mice (Jackson Laboratory) and B6.129S4-

Cd80tm1Shr Cd86tm2Shr/J (Cd80−/− Cd86−/−) mice (Jackson Laboratory). Human PBMCs 

were isolated from a healthy donor (35-year-old female). All of the primary T cells 

were maintained in primary T cell medium (RPMI 1640 supplemented with 10% FBS, 1 

mM sodium pyruvate [Corning, 25–000-CI], 50 mM β-mercaptoethanol [Fisher Scientific, 

ICN19024283], 100 U/mL of Penicillin, and 100 mg/mL of Streptomycin) at 37 °C, 

5% CO2. Mouse melanoma lines B16F10 (ATCC, CRL-6475, RRID: CVCL_0159) and 

B16OVA (ovalbumin transduced B16F10, provided by Ananda Goldrath at University of 

California San Diego) were maintained as monolayer cultures in primary T cell medium 

at 37 °C, 5% CO2. Tumor cells were harvested with 0.25% trypsin-0.02% EDTA. Trypsin 

was neutralized with medium containing 10% FBS, washed and suspended in HBSS with 

calcium and magnesium (Thermo Scientific, 14025134) for injection. Cells were used for 

injections only if the viability was greater than 90% as determined by Trypan Blue (Sigma, 

T8154). The lack of mycoplasma in the cell lines was confirmed using PCR Mycoplasma 

Detection Kit (Applied Biological Materials Inc, G238).

Animals—OT-1, WT C57BL/6J; Cd80−/−Cd86−/− C57BL/6J and Cd28−/− C57BL/6J mice 

were purchased from the Jackson Laboratory. Cd28−/− C57BL/6J mice were bred with 

OT-1 mice to generate Cd28−/− OT-1 mice, which was verified by genotyping. All mice 

were housed under pathogen-free conditions at the University of California San Diego 

(UCSD) with ad libitum access to food and water. In adoptive transfer procedure, mice 

were anesthetized intraperitoneally with 100 μL 1x PBS containing 16.7 mg/mL ketamine 

(Cristália) and 3.3 mg/mL Xylazine (Syntec). All procedures were previously reviewed and 

approved by the UCSD IACUC under protocol S06201 and S18078.

METHOD DETAILS

Cell Lines—Genotypes of Raji cells and Jurkat cells used in this study are summarized in 

Table S1. All recombinant DNAs used in this study were listed in Table S2.

For Figure 2 and Figure S2A&B, NFκB:GFP+AP1:mCherry+ reporter Jurkat cell was 

generated by retrovirally transducing NFκB:GFP and AP1:mCherry reporter into WT Jurkat 

cell. Jurkat transductants were then sorted for GFP+mCherry+ double positive using flow 

cytometry after stimulation with anti-CD3ε (BioLegend, 317326) and anti-CD28 (Bio X 

cell, BE0291). The sorted cells were rested in culture medium for 1 week and sorted for 

a second round of to select GFP−mCherry− double negative cells under resting state. To 

generate CD80+ or CD86+ reporter Jurkat cells, CD80 or CD86 was lentivirally transduced 

into NFκB:GFP+AP1:mCherry+ reporter Jurkat cells. CD80−/−CD86−/−, CD80+/+CD86−/−, 

and CD80−/−CD86+/+ Raji cells were generated previously.28

For Figure S2C and Figure 4, to generate CD28−/− Jurkat line, WT 

Jurkat cells were electroporated with pX330GFP plasmids coding CD28 
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sgRNAs (5’-GCTTGTAGCGTACGACAATG-3’ or 5’-GTCCTTTGTGAAGGGATGCC-3’). 

Electroporated cells were recovered for 2 days at 37 °C, 5% CO2, sorted for GFP-positive 

cells and maintained in culture medium. 1 week later, cells were stained with PE anti-CD28 

(BioLegend, 302940) and sorted for CD28−GFP− double negative cells. For Figure S2C, 

CD28−/− Jurkat or WT Jurkat cells were lentivirally transduced with either CD80-mTFP1 or 

CD86-mTFP1.

For Figure 4C, to generate Jurkat lines expressing CD28 endocytosis variants, 

CD28−/− Jurkat cells were lentivirally transduced with CD28(WT), CD28(Y191F), or 

CD28(CD45TM) with an N-terminal Spy-tag.

For FRET assays in Figure 4D, CD28−/− Jurkat cells were lentivirally transduced with 

CD28(WT), CD28(Y191F), or CD28(CD45TM) fused with a N-terminal CLIP tag, and then 

transduced with CD80 or CD86 fused with an N-terminal SNAP-tag.

For Figure 4E, double positive Jurkat cells were generated by lentivirally transducing 

CD28−/− Jurkat cells with CD80 or CD86, followed by transduction with CD28(WT), 
CD28(Y191F), or CD28(CD45TM). In Figure 4F, CD28−/− Jurkat cells were lentivirally 

transduced with CD28(WT), CD28(Y191F), or CD28(CD45TM) before coculture with B7-

expressing Raji cells.

For Figure 4G, CD28−/− Jurkat cells were lentivirally co-transduced with ALFA-tagged 

CD28 and Spy-tagged CD80 or CD86 before subjected to split APEX labeling and TEM. In 

the control condition, CD28−/− Jurkat cells were transduced with ALFA-tagged PDL1 and 

Spy-tagged CD80.

For Figure 5A, CD28−/− Jurkat cells were lentivirally transduced with CD28(WT), 
CD28(Y191F), or CD28(Y209F), and then co-transduced with both CD80 and CD86 to 

generate triple positive Jurkat cells. For Figure 5B, CD28−/− Jurkat cells were lentivirally 

transduced with CD28(WT), CD28(Y191F), or CD28(Y209F). For expressing cis-CD80, 

those Jurkat lines were then co-transduced with CLIP-tagged CD80 to generate double 

positive Jurkat cells. For Figure 5C, CD28−/− Jurkat cells were lentivirally transduced with 

CD28-mTFP1, and then co-transduced with both CD80 and CD86 to generate triple positive 

Jurkat cells.

For Figure 6, SNX9 was deleted from WT Jurkat or CD28−/− Jurkat line by 

electroporating each cell line with pX330GFP plasmids coding SNX9 sgRNAs 

(5’-AATGAACTGACGGTTAATGA-3’ and 5’-GAAACATCAAAGGAGAACGA-3’).49 

Electroporated cells were recovered for 2 days at 37 °C, 5% CO2. Single GFP-positive 

cells were then sorted by flow cytometry and expanded in culture medium for 4 weeks. 

SNX9 expression in single-cell derived colonies was then examined using western blot 

with anti-SNX9 antibody (Proteintech, 15721–1-AP), anti-GAPDH antibody (Proteintech, 

10494–1-AP) and CF568-labeled anti-rabbit IgG antibody (Biotium, 20801). To examine 

cis-CD28:B7 FRET in Figure 6B, CD28 fused with an N-terminal CLIP tag was lentivirally 

transduced into CD28−/− Jurkat cells (CD28−/−SNX9+/+ Jurkat) or CD28−/−SNX9−/− Jurkat 

cells, followed by co-transducing CD80 and CD86 fused with an N-terminal SNAP-tag. 

For Figure 6C and E, CD28−/−SNX9−/− Jurkat cells were first lentivirally transduced with 
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CD28(WT) or CD28(Y191F), and then transduced with mGFP-SNX9, followed by sorting 

GFP positive cells using flow cytometry. CD28(WT)+SNX9−/− Jurkat cells, CD28(WT)
+mGFP-SNX9+ Jurkat cells, or CD28(Y191F)+mGFP-SNX9+ Jurkat cells were then co-

transduced with CD80 and CD86 to enable the examination of cis-B7:CD28 signaling. For 

Figure 6D, WT Jurkat cells and SNX9−/− Jurkat cells were co-transduced with CD80 and 

CD86 for measurement of IL-2 secretion using ELISA.

Recombinant Proteins—SpyCatcher,23 LgBiT-SpyCatcher, SpyCatcher-AVI, and AP-

SpyCatcher were expressed with an N-terminal His6 tag in Escherichia coli BL21 (DE3) 

(NEB, C2527I) using a pET28a vector. All His-tagged proteins were purified using a 

HisTrap HP column (GE Healthcare, 17524802) and eluted using buffer containing 50 mM 

HEPES-NaOH, pH 8.0, 150 mM NaCl and 0.5 M imidazole. EX-NbALFA was expressed 

in Escherichia coli BL21(DE3) with a GST tag, a SUMO tag, and a PreScission recognition 

site (LEVLFQGP) fused in sequence at its N-terminus. GST-SUMO-EX-NbALFA was 

purified using Glutathione Agarose Beads (MCLAB, GAB-300) and the EX-NbALFA 

moiety was eluted from the agarose using 20 U/ml 3C protease in 20 mM HEPES-NaOH, 

pH 7.5, 150 mM NaCl, 5 mM b-mercaptoethanol, 0.1% TWEEN20. All affinity-purified 

proteins were gel filtered using a Superdex 200 Increase 10/300 GL column (GE Healthcare, 

28990944) or Superdex 75 Increase 10/300 GL column (GE Healthcare, 29148721) in 

HEPES buffered saline (50 mM HEPES-NaOH, pH 7.5, 150 mM, NaCl, 10% glycerol). 

Gel filtrated SpyCatcher was labeled with Janelia Fluor® 646 (JF646) maleimide (Tocris 

Bioscience, 6590) following manufacturer’s instructions. Free dyes were then removed 

using Zeba Spin Desalting Columns (Thermo Fisher Scientific, P187769). Gel filtrated 

SpyCatcher-AVI was biotinylated with a home-made BirA protein,83 and excess biotin 

together with BirA were removed by gel filtration using Superdex 75 Increase 10/300 GL. 

All proteins were quantified by SDS-PAGE and Coomassie blue staining, using bovine 

serum albumin (BSA, Thermo Scientific, 23209) as a standard.

FRET Assays for Cis-interactions—For all FRET assays measuring cis-interactions, 

images were acquired with a Leica SP8 confocal microscope by exciting Dy547 at 561 nm 

and AF647 at 633 nm. Donor and acceptor images before and after acceptor photobleaching 

were acquired for FRET analysis using ImageJ. To calculate FRET efficiency NFRET, 

the increased donor fluorescence intensity after acceptor photobleaching was divided by 

the square root of the product of donor fluorescence intensity and acceptor fluorescence 

intensity, which was used to normalize expression levels of donor and acceptor fused 

proteins, as described.84 FRET image was generated by AccPbFRET plugin in ImageJ.85

For Figure 1C, HEK293T cells were co-transfected with a pHR plasmid encoding human 

CD28 fused to an N-terminal CLIP tag (CLIP-CD28) and a pHR plasmid encoding human 

CD80, CD86 or PDL1 fused to an N-terminal SNAP tag (SNAP-CD80, SNAP-CD86, 

or SNAP-PDL1) using polyethylenimine (Fisher Scientific, NC1014320). For Figure 3A, 

HEK293T cells were co-transfected with CLIP-CD28 or CLIP-CD28(SGGG) and SNAP-
CD80, SNAP-CD80(Y65A), SNAP-CD86, or SNAP-CD86(F65A). 20 h after transfection, 

cells were trypsinized and seeded on a poly-D-lysine (Sigma-Aldrich, P6407) treated glass 

bottom 96-well plate (Dot Scientific, MGB096–1-2-LG-L). Cells were then labeled with 
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CLIP-Surface Dy547 (NEB, S9233S) and SNAP-Surface AF647 (NEB, S9136S) at 37 °C, 

5% CO2 for 30 min. For abatacept treated conditions, 20 μg/mL abatacept was included in 

the staining solution. Labeled cells were then fixed with 4% paraformaldehyde (PFA, Fisher 

Scientific, 50980494), washed 3 times with 1x PBS (pH 7.4), and used for FRET assays.

For Figure 3C, to determine ICD FRET, HEK293T cells were co-transfected with a 

pHR plasmid encoding human CD28 fused to a C-terminal CLIP-tag (CD28-CLIP) and 

a pHR plasmid encoding CD80 or CD86 fused to a C-terminal SNAP-tag (CD80-SNAP 
or CD86-SNAP). For controls, HEK293T cells were co-transfected with PDL1-CLIP and 

CD80-SNAP. 20 h post transfection, cells were trypsinized and seeded on a poly-D-lysine 

treated glass-bottom 96-well plate. For abatacept treated conditions, cells were incubated 

with 20 μg/mL abatacept at 37 °C, 5% CO2 for 30 min. To stain intracellular CLIP 

and SNAP tags, cells were fixed with 4% PFA, permeabilized by 0.05% Triton X-100 

(Fisher BioReagents, BP151500), and labeled with CLIP-Surface Dy547 (NEB, S9233S) 

and SNAP-Surface AF647 (NEB, S9136S) at 37 °C, 5% CO2 for 30 min before subjected to 

FRET assays.

For Figure 3G, to chemically induce membrane invagination simultaneously in a large cell 

population, the bicistronic opto-FBAR plasmid31 was modified by replacing the optically 

inducible dimerization pair iLID:SspB with the chemically inducible dimerization pair 

FRB:FKBP. The modified bicistronic plasmid FKBP:FRB-FBAR, upon transfection to the 

HEK293T cells, drove the expression of both plasma membrane targeted 3xFKBP-TagBFP-

CAAX and cytoplasmic mGFP-FRB-FBP17. To verify inducible membrane invagination, 

FKBP:FRB-FBAR transfected HEK293T cells were treated with 100 nM rapamycin (Fisher 

BioReagents, 501126903) for 5 min and tubular membrane structures, marked by strong 

mGFP-FRB-FBP17 localization, was visualized using confocal microscopy. For FRET 

assays, FKBP:FRB-FBAR was co-transfected with FRET pairs - CLIP-CD28:SNAP-CD80, 

CLIP-CD28:SNAP-CD86, or CLIP-PDL1:SNAP-CD80 - into HEK293T cells. 20 h post 

transfection, cells were trypsinized and seeded on a poly-D-lysine-treated glass-bottom 

96-well plate, followed by labeling with CLIP-Surface Dy547 (NEB, S9233S) and SNAP-

Surface AF647 (NEB, S9136S) at 37 °C, 5% CO2 for 30 min, with or without 20 μg/mL 

abatacept in the staining solution. Labeled cells were then treated by 100 nM rapamycin or 

DMSO alone for 5 min at 37 °C and fixed with 4% PFA. Cells were washed thrice with 1x 

PBS (pH 7.4) before subjected to FRET assays.

For Figure 4B and Figure S4A, HEK293T cells were transfected with CLIP-CD28:SNAP-
CD80, CLIP-CD28:SNAP-CD86, or CLIP-PDL1:SNAP-CD80 either alone or in 

combination with a plasmid encoding mGFP-tagged Eps15DN. 20 h post transfection, cells 

were trypsinized and seeded on a poly-D-lysine-treated glass-bottom 96-well plate, followed 

by labeling with CLIP-Surface Dy547 (NEB, S9233S) and SNAP-Surface AF647 (NEB, 

S9136S) at 37 °C, 5% CO2 for 30 min. Cells were then fixed with 4% PFA before subjected 

to FRET assays. For measuring CD28 and PDL1 internalization in Figure 4A and Figure 

S4A, same procedures were used except that CLIP-CD28 or CLIP-PDL1 was transfected 

either alone or in combination with mGFP-Eps15DN.
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For Figure 4D, Jurkat cells were co-transduced with indicated CD28 variant fused to an N-

terminal CLIP tag and either CD80 or CD86 fused to an N-terminal SNAP tag. Transduced 

cells were seeded on a poly-D-lysine-treated glass-bottom 96-well plate, followed by 

labeling with CLIP-Surface Dy547 (NEB, S9233S) and SNAP-Surface AF647 (NEB, 

S9136S) at 37 °C, 5% CO2 for 30 min. Labeled cells were fixed with 4% PFA, washed 

thrice with 1x PBS (pH 7.4) before subjected to FRET assays.

For Figure 6B, CLIP-CD28 and SNAP-CD80 or SNAP-CD86 co-transduced 

CD28−/−SNX9+/+Jurkat cells or CD28−/−SNX9−/−Jurkat cells were labeled with CLIP-

Surface Dy547 (NEB, S9233S) and SNAP-Surface AF647 (NEB, S9136S) at 37 °C, 5% 

CO2 for 30 min. Labeled cells were then conjugated with SEE-loaded CD80−/−CD86−/− Raji 

cell for another 30 min, fixed with 4% PFA, washed thrice with 1x PBS (pH 7.4) before 

imaging. Jurkat:Raji cell conjugates were randomly selected under Leica SP8 confocal 

microscope and subjected to FRET measurements.

FRET Assays for CD28-ICD:Membrane Interactions—For Figure 5C, CD28-
mTFP1+ Jurkat cells and CD28-mTFP1+CD80+CD86+ Jurkat cells were conjugated with 

SEE-loaded CD80−/−CD86−/− Raji cells for 30 min, and fixed with 4% PFA. Fixed cells 

were then stained by 2 μM Octadecyl Rhodamine B Chloride (R18, Biotium, 60033) on ice 

for 5 min and used for FRET assays shown in Figure 1C. For the abatacept treated condition, 

Jurkat cells were pre-incubated with 20 μg/mL abatacept for 1 h before co-pelleted with Raji 

cells. mTFP1 and R18 were excited by 458 nm laser and 543 nm laser respectively using a 

Zeiss LSM 880 airyscan confocal microscope. NFRET of mTFP1:R18 was calculated at the 

IS region, defined as the conjugate area between a Jurkat cell and a Raji cell based on the 

DIC images and the fluorescence channels.

STORM Assay—For Figure 1B, HEK293T cells were seeded on poly-D-lysine treated 

coverslips and co-transfected with CD28 and CD80, CD86, or PDL1 fused with an N-

terminal SpyTag, using polyethyleneimine. 20 h after transfection, cells were fixed with 

4% PFA. CD28 was stained with anti-CD28 antibody (Bio X cell, BE0291) and then with 

CF568-conjugated anti-mouse IgG antibody (Biotium, 20802). Cells were then incubated 

with home-made JF646-labeled SpyCatcher protein for staining of Spy-CD80, Spy-CD86, 

and Spy-PDL1, washed thrice with 1x PBS (pH 7.4), and sealed in Everspark STORM 

buffer (idylle, Everspark). STORM was performed on a Nikon Eclipse Ti2-E Ti2 inverted 

microscope equipped with TIRF configuration. The excitation lasers of 561 nm and 640 

nm were reflected by a quad dichroic and the emission was filtered by a quad emission 

filter (open at 581 – 625 nm and 674 – 786 nm). The images were captured using an 

SR HP APO TIRF 100× 1.49 NA objective (Nikon) and an iXon Ultra 897 EMCCD 

camera (Andor). CF568 and JF646 fluorophores were converted into a dark state using 

continuous illumination of excitation light at the maximum intensity. 405 nm laser at 

low intensity was used to activate fluorophores back to a fluorescent state. Individual 

blinking CF568 and JF646 fluorophores were recorded for 30,000 to 50,000 frames 

with 30 milliseconds exposure time. 100 nm Red Fluorescent Nanodiamond (Adámas 

Nanotechnologies, NDNV100nmHi2ml) was used as a fiducial marker for drift correction. 

Images were analyzed by ThunderSTORM plug-in86 on ImageJ (Fiji), and rendered with an 
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average shifted histogram method. Colocalization between CD28 and B7, or between CD28 

and PDL1, was quantified by Manders coefficients using the Coloc-Tesseler software.87

Jurkat:Raji Cell Coculture Assay—For Figure 2 and Figure S2 A, B, D, to allow 

for discrimination of Raji cells and reporter Jurkat cells in the coculture, Raji cells 

were pre-labeled with VF405 (Biotium, 30068) following manufacturer’s instructions. The 

labeled Raji cells were incubated with 30 ng/mL SEE for 30 min at 37 °C. 1.8 × 106 

VF405-labeled, SEE-loaded Raji cells were then co-pelleted with 1.8 × 104 Jurkat cells in 

a 24-well plate and incubated at 37 °C, 5% CO2 for 16 h. For abatacept treated conditions, 

Jurkat cells were pre-incubated with 20 μg/mL abatacept for 1 h before co-pelleting with 

Raji cells. After 16 h coculture, GFP (NFκB) and mCherry (AP1) expression in VF405- 

cells (Jurkat) were examined using a BD LSRFortessa X-20 flow cytometer. Meanwhile, 

IL-2 concentrations in the supernatants were measured using the Human IL-2 ELISA 

MAX Deluxe kit (BioLegend, 431804). For Figure S2C, 1.8 × 104 Jurkat (CD28−/−) 

cells, Jurkat (CD28+/+) cells, Jurkat (CD28−/− CD80+) cells, Jurkat (CD28+/+CD80+) cells, 

Jurkat (CD28−/−CD86+) cells, or Jurkat (CD28+/+CD86+) cells were mixed with 1.8 × 

106 SEE-loaded Raji (CD80−/−CD86−/−) cells. Jurkat cells and Raji cells were co-pelleted 

in a 24-well plate and incubated at 37 °C, 5% CO2 for 6 h. IL-2 concentrations in the 

supernatants were measured using the Human IL-2 ELISA MAX Deluxe kit (BioLegend).

For Figure 4E, 1.8 × 104 CD28(WT)+CD80+ Jurkat cells, CD28(Y191F)+CD80+ Jurkat 

cells, CD28(CD45TM)+CD80+ Jurkat cells, CD28(WT)+CD86+ Jurkat cells, CD28(Y191F)
+CD86+ Jurkat cells, or CD28(CD45TM)+CD86+ Jurkat cells were mixed with 1.8 × 106 

SEE-loaded CD80−/−CD86−/− Raji cells. For Figure 4F, 1.8 × 104 CD28(WT)+ Jurkat cells, 

CD28(Y191F)+ Jurkat cells, or CD28(CD45TM)+ Jurkat cells were mixed with 1.8 × 106 

SEE-loaded CD80+/+CD86−/− Raji cells (providing trans-CD80) or CD80−/−CD86+/+ Raji 

cells (providing trans-CD86). For cis-signaling groups in Figure 5B, 1.8 × 104 CD28(WT)
+CD80-CLIP+ Jurkat cells, CD28(Y191F)+CD80-CLIP+ Jurkat cells, or CD28(Y209F)
+CD80-CLIP+ Jurkat cells were mixed with 5.4 × 105 SEE-loaded CD80−/−CD86−/− 

Raji cells. For trans-signaling groups in Figure 5B, 1.8 × 104 CD28(WT)+ Jurkat cells, 

CD28(Y191F)+ Jurkat cells, or CD28(Y209F)+ Jurkat cells were mixed with 5.4 × 105 

SEE-loaded CD80+/+CD86−/− Raji cells (providing trans-CD80). For Figure 6D, 1.8 × 104 

SNX9+/+Jurkat cells, SNX9+/+CD80+CD86+Jurkat cells, or SNX9−/−CD80+CD86+Jurkat 

cells were each mixed with 1.8 × 106 SEE-loaded CD80−/−CD86−/− Raji cells. For IL-2 

readouts, Jurkat cells and Raji cells were co-pelleted in a 24-well plate and incubated at 37 

°C, 5% CO2, 6 h later, IL-2 concentration in the medium were measured using the Human 

IL-2 ELISA MAX Deluxe kit (BioLegend). IL-2 secretion in Figure 5B was normalized to 

that of Jurkat cells expressing WT CD28.

For Figure 5A and Figure 6C, 3 × 105 Jurkat cells were co-pelleted with 1.5 × 106 SEE-

loaded Raji cells at 300 × g for 1 min, and then incubated in culture medium at 37 °C, 5% 

CO2 for 30 min. Cells were then resuspended, fixed with 4% PFA and permeabilized with 

0.1% saponin (MilliporeSigma, 558255). Afterward, CD28 was stained by AF647-labeled 

anti-CD28 (BioLegend, 302953), PKCθ was stained by anti-PKCθ (Cell Signaling, 13643S) 

and then by CF568-conjugated anti-rabbit IgG antibody (Biotium, 20801). Stained cells 

were loaded into a 96-well glass-bottom plate for confocal microscopy assays. Images were 
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acquired with a Leica SP8 confocal microscope and processed, and quantified using ImageJ. 

To calculate the synaptic enrichment indices of CD28 and PKCθ, the fluorescence density 

at the interface was divided by the fluorescence density of the cell excluding the interface. 

Fluorescence density was calculated as fluorescence intensity divided by area. The interface 

was defined as the conjugate area between Jurkat and Raji cells based on the DIC images 

and the fluorescence channels. Imaging fields were randomly selected under the confocal 

microscope and all the Jurkat:Raji cell conjugates with each recorded imaging field were 

analyzed. Reported data were pooled from at least three independent experiments.

BiLC Assay—For measurement of ICD proximity in Figure 3D, HEK293T cells were 

co-transfected with a pHR plasmid encoding CD80 or CD86 fused to a C-terminal SmBiT 

and a pHR plasmid encoding CD28 or CD274 (PDL1) fused to a C-terminal LgBiT. 20 

h post transfection, 1 × 105 cells were trypsinized and seeded in a 96-well solid white 

microplate (Greiner Bio-One, 655075) in Opti-MEM I medium (ThermoFisher, 31985070). 

For measurement of ECD proximity in Figure 3E, HEK293T cells were co-transfected 

with a pHR plasmid encoding CD80 or CD86 fused to a N-terminal SmBiT and a pHR 

plasmid encoding CD28 or CD274 (PDL1) fused to a N-terminal SpyTag. We used the 

SpyTag:SpyCatcher system to recruit soluble LgBiT-SpyCatcher fusion protein to Spy-CD28 

or Spy-PDL1 expressed on the cell surface due to abnormal cytosolic localization caused 

by LgBiT fusion to CD28 ECD. For trans-interaction control in Figure 3F, HEK293T 

cells were transfected by CD28 fused with an N-terminal SpyTag, CD80 fused with an 

N-terminal SmBiT, or CD86 fused with an N-terminal SmBiT. 20 h later, 1 × 105 cells were 

treated with 20 nM purified LgBiT-SpyCatcher protein at 37 °C for 1 h to label Spy-CD28. 

Single transfected cells were mixed at an equal ratio immediately before the addition of 

LgBiT-SpyCatcher and used as trans-interaction control. For abatacept and atezolizumab 

treated conditions, cells were pretreated with 20 μg/mL abatacept or atezolizumab (Bio 

X Cell, SIM0009) before subjected to the LgBiT-SpyCatcher labeling. Labeled cells were 

then incubated with 20 μM furimazine (Aobious, AOB36539) and luminescence measured 

using a Tecan Spark 20 plate reader. In Figure S3, expression of Spy-CD28, SmBiT-CD80, 

or SmBiT-CD86 in single- or double-transfected HEK293T cells were determined by flow 

cytometry after staining the cells with PE anti-CD28 (BioLegend, 302940), allophycocyanin 

anti-CD80 (BioLegend, 305220), or allophycocyanin anti-CD86 (BioLegend, 374207). The 

antibody-stained double-transfected cells were also observed using a Leica SP8 microscope 

and the percentages of isolated Spy-CD28+SmBiT-B7+ double positive cells were calculated 

from randomly selected confocal images.

Protein Docking—To predict the structures of human CD80:CD28 and CD86:CD28 

complexes, CD28 (PDB: 1YJD), CD80 (PDB: 1DR9), and CD86 (PDB: 1NCN) were 

docked using ClusPro 2.0.88–91 Because CD28 and CTLA4 share the conserved MYPPPY 

motif for B7 binding, we used CD28 MYPPPY motif and previously identified CTLA4-

MYPPPY-binding residues in B792,93 to guide B7:CD28 docking. Specifically, Y65, M72, 

T75, M77, V117, L119, A125, F126 and L131 from CD80 were used for CD80:CD28 

docking; V54, F56, Q58, N62, L63, V64, E67, Y69, K74, S77, I111, H113, M120, and 

R122 of CD86 were used for CD86:CD28 docking. These residues and the MYPPPY 

residues in CD28 were used as attraction residues in ClusPro 2.0 to predict structures, 
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which were then ranked based on cluster size. The structures with the largest cluster size 

were shown in Figure 3B.90 CD86 Ig-like C2 domain was predicted by AlphaFold94 and 

downloaded from Uniprot (https://www.uniprot.org/uniprotkb/P42081/entry#structure).

Internalization Assay of CD28 Variants—To probe CD28 endocytosis in Figure 

4C, we fused its ECD with a SpyTag for monovalent labeling by SpyCatcher, avoiding 

crosslinking-induced endocytosis as seen with antibody staining. CD28−/− Jurkat cells were 

transduced with CD28(WT), CD28(Y191F), or CD28(CD45TM) fused with an N-terminal 

SpyTag, and stained with biotinylated SpyCatcher on ice for 30 min. Labeled cells were then 

incubated either on ice to prevent endocytosis or at 37 °C to restore endocytosis. Aliquots 

were collected at the indicated times, CD28 remained on the cell surface were labeled 

with AF647-conjugated streptavidin on ice, and analyzed by flow cytometry for AF647 

fluorescence. The AF647 fluorescence of samples collected at 0 min were used as references 

(100%) to calculate the percentages of surface CD28 at other time points. For confocal 

imaging, Jurkat cells expressing each of the indicated Spy-CD28 variant were stained with 

JF646*SpyCatcher on ice, and then incubated for 60 min at 37 °C or on ice, followed by 

fixation with 4% PFA and confocal microscopy.

Subcellular Localization of Cis-complexes Using TEM—For Figure 4G, CD28−/− 

Jurkat cells were lentivirally co-transduced with CD28 or CD274 (PDL1) fused with an N-

terminal ALFA-tag and CD80 or CD86 fused with an N-terminal SpyTag. Transduced Jurkat 

cells were labeled with EX-NbALFA and AP-SpyCatcher at 37 °C for 30 min, and washed 

twice with culture medium to remove unbound proteins. Labeled cells were incubated in 

culture medium containing 5 μM Hemin (Sigma, 51280) at 37 °C for 2 h, and seeded on 

a poly-D-lysine-coated coverslip and stained with DAB solution (0.5 mg/mL DAB and 10 

mM H2O2 in culture medium) at 37 °C for 30 min. Stained cells were then fixed with 

2% glutaraldehyde in 0.1 M sodium cacodylate buffer (0.1 M sodium cacodylate, 2 mM 

CaCl2, pH 7.4) at 37 °C for 30 sec, followed by buffer exchange with fresh fixation buffer 

for 3 times. Cells were kept in the fixation buffer at 4 °C overnight and then embedded in 

Ducurpan. Specifically, cells were washed for 3 min in 0.1 M sodium cacodylate buffer and 

repeated 4 times. Washed cells were stained by 1% OsO4 in 0.1 M sodium cacodylate buffer 

for 30 – 60 min, followed by 5 washes with 0.1 M sodium cacodylate buffer and 1 time 

wash in ddH2O. Stained cells were subjected to dehydration through incubating for 1 min 

in each of following solutions containing increasing ethanol (volume to volume percentage): 

20%, 50%, 70%, 90%, 100%, 100%, and then for 2 × 1 min in 100% acetone. Dehydrated 

cells were infiltrated in an equal volume mixture of Ducurpan and acetone for 1 h and then 

twice in 100% Durcupan for 1 h each. Embedded cells were incubated in foil plates along 

with wood sticks in embedding oven for overnight. 60 nm ultrathin sections were cut with a 

diamond knife and mounted on 300 mesh grids for TEM. Grids were then stained with 2% 

of uranyl acetate for 5 min and lead citrate for 1 min. Images were acquired using a JEOL 

1400 plus transmission electron microscope.

Jurkat:SLB Microscopy Assay—For Figure 6E, SLB was prepared in a glass-bottom 

96-well plate (Cellvis, P96–1.5H-N), which was first incubated with 5% HellmanexIII 

(Helma Analytics, Z805939) overnight on a 50 °C heat pad, thoroughly rinsed with ddH2O 
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and sealed with a Nunc sealing tape (Thermo Fisher Scientific, 232698). The desired wells 

were washed twice with 5 M NaOH (60 min each), and thrice with ddH2O followed by 

equilibration with 1x PBS. Small unilamellar vesicles (SUVs, consisting of 95.5% POPC, 

2% DGS-NTA-Ni, 2% biotin-DPPE, and 0.5% PEG5000 PE) were prepared as described 

previously,95 added to the cleaned wells containing 200 μL 1x PBS, and incubated for 90 

min at 50 °C, followed by 30 min at 37 °C to induce SLB formation. The wells were 

then rinsed thoroughly with 1x PBS to remove excess SUVs. The resulting SLBs were 

incubated with 1 μg/ml streptavidin (ThermoFisher Scientific, S888) and 10 nM His-tagged 

human ICAM1 ECD (Sino Biological, 10346-H08H) at 37 °C for 1 h. Afterward, the 

SLBs were rinsed with 1x PBS and further incubated with 5 μg/ml biotin anti-human-CD3ε 
(BioLegend, 317320) at 37 °C for 30 min, followed by three rinses with 1x PBS and three 

rinses with imaging buffer (20 mM HEPES-NaOH, pH 7.5, 137 mM NaCl, 5 mM KCl, 1 

mM CaCl2, 2 mM MgCl2, 0.7 mM Na2HPO4, 6 mM D-glucose). Jurkat cell membranes 

were stained by 2 μM R18 on ice for 5 min, followed by two rinses with ice-cold 1x PBS. 

Stained cells were then resuspended in imaging buffer and plated onto SLBs. After 30 

min incubation at 37 °C, cells were fixed with 4% PFA at room temperature for 15 min. 

SLB-associated, PFA-treated cells were washed with blocking buffer (1× PBS containing 

3% BSA), and permeabilized with 1× PBS containing 3% BSA and 0.1% saponin at 

room temperature for 60 min. Cells were then stained with AF647 anti-CD28 (BioLegend, 

302953). Z-stack airyscan confocal images were acquired using a Zeiss LSM 880 confocal 

microscope.

Primary T cell Assay—For Figure 2B, splenocytes from 6–12 weeks old WT 

C57BL/6J mice (2 male, 1 female) or Cd80−/−Cd86−/− C57BL/6J mice (2 male, 1 female) 

were cultured in 6-well plates that were pre-coated with 5 μg/mL anti-CD3ε antibody 

(BioLegend, 100340). 1 μg/mL anti-CD28 antibody (BioLegend, 102116) and 100 U/mL 

human IL-2 (PeproTech, 200–02) were supplemented in culture medium. After 3-day 

activation, cells were collected by centrifuge and cultured in new plates using primary T 

cell medium containing 100 U/mL IL-2. On day 4, CD28, CD80, and CD86 expression 

were measured on CD4+ and CD8+ T cells using flow cytometry. Live cells were collected 

through a density gradient centrifugation of Histopaque 1077 (Sigma, 10771), followed 

by purification of T cells using mouse CD3 T cell isolation kit (BioLegend, 480031). To 

measure IFNγ production, 2 × 105 purified T cells were stimulated with 5 × 106 irradiated 

(3400 rad) Cd80−/−Cd86−/− splenocytes, which were pre-loaded with 1 μg/mL anti-CD3ε 
antibody (BioLegend, 100340) and pre-stained with VF405. Cells were cultured in primary 

T cell medium with 5 μg/mL brefeldin A (BioLegend, 420601) for 6 h, and then incubated 

with Zombie Aqua viability dye (BioLegend, 423102), followed by staining with FITC 

anti-mouse CD4 (BioLegend, 100510) and PerCP/Cyanine5.5 anti-mouse CD8 (BioLegend, 

100734). Cells were then fixed by 4% PFA and permeabilized with 0.05% TritonX-100. 

Fixed cells were further stained with a mixture of antibodies containing allophycocyanin-

Cy7 anti-mouse CD3ε (BioLegend,100330) and BV711 anti-mouse IFNγ (BioLegend, 

505835). Cells were processed on a BD LSRFortessa X20 by BD FACSDiva software (BD 

Biosciences) and data analyzed using FlowJo. CD4+ and CD8+ T cells were identified as 

VF405−CD4+CD3+ and VF405−CD8+CD3+ population respectively.
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For Figure 2C, PBMCs were isolated from human white blood cells (San Diego Blood 

Bank) through a density gradient of Histopaque 1077 (Sigma, 10771). Human PBMCs 

were then cultured in primary T cell medium supplemented with 50 U/mL human IL-2 

and 1 μg/mL SEB (Toxin Technology, BT202). After 3-day priming, cells were collected 

by centrifuge and further cultured in primary T cell medium supplemented with 50 

U/mL human IL-2 but no SEB. After another 24 h, CD28, CD80, and CD86 expression 

were measured on CD4+ and CD8+ T cells using flow cytometry. Live cells were 

collected through a density gradient of Histopaque 1077 (Sigma, 10771). To measure IFNγ 
production, 1 × 105 purified T cells were stimulated with 3.6 × 106 CD80−/−CD86−/− Raji 

cells pre-loaded with 1 μg/mL SEB and pre-stained with VF405. Cells were cultured in 

primary T cell medium with 5 μg/mL brefeldin A (BioLegend, 420601) for 6 h. Cells 

were then incubated with Zombie Aqua viability dye (BioLegend, 423102), followed by 

staining with FITC anti-human CD4 (BioLegend, 317408) and PerCP-Cy5.5 anti-human 

CD8 (BioLegend, 301031). Cells were then fixed by 4% PFA and permeabilized with 0.05% 

TritonX-100. Fixed cells were further stained with a mixture of antibodies containing AF700 

anti-human CD3ε (BioLegend, 317340), PE anti-human CD80 (BioLegend, 305208), 

PE anti-human CD86 (BioLegend, 374206), and BV711 anti-human IFNγ (BioLegend, 

502539). Stained cells were processed on a BD LSRFortessa X20 by BD FACSDiva 

software (BD Biosciences) and analyzed using FlowJo. CD4+ and CD8+ T cells were 

identified as VF405−CD4+CD3+ and VF405−CD8+CD3+ population respectively. B7+ T 

cells, expressing CD80, CD86 or both, were gated identified as the PE+ population. To 

measure CD69 expression in Figure S2E, 1 × 105 purified T cells were stimulated with 3.6 × 

106 VF405-stained CD80−/−CD86−/− Raji cells in the presence or absence of 1 μg/mL SEB. 

After 6 h coculture, cells were then incubated with Zombie Aqua viability dye (BioLegend, 

423102), followed by staining with an antibody mixture containing FITC anti-human CD4 

(BioLegend, 317408) and PerCP-Cy5.5 anti-human CD8 (BioLegend, 301031), AF700 anti-

human CD3ε (BioLegend, 317340), PE anti-human CD80 (BioLegend, 305208), PE anti-

human CD86 (BioLegend, 374206), and allophycocyanin anti-human CD69 (BioLegend, 

310909).

OT-1 cell culture assays—For Figure 1A and Figure S1, splenocytes from 6–12 weeks 

old OT-1 mice were cultured in primary T cell medium containing 100 U/mL human 

IL-2 (PeproTech, 200–02) and 10 nM OVA257–264 (Anaspec, AS-60193–1) at 37 °C, 

5% CO2. CD28, CD80 and CD86 expression on CD8+ T cells, identified as CD3+CD8+ 

cells, were measured by flow cytometry at indicated times. Briefly, cells were pre-stained 

with viability dye Zombie Violet (BioLegend, 423113), and then incubated with TruStain 

FcX plus (BioLegend, 156604) to block Fc receptors, followed by an antibody mixture 

containing allophycocyanin-Cy7 anti-mouse CD3ε (BioLegend,100330), FITC anti-mouse 

CD8 (BioLegend, 140404), PE anti-mouse CD80 (BioLegend, 104707), APC anti-mouse 

CD86 (BioLegend, 105011), and PE-Cy7 anti-mouse CD28 (BioLegend, 102126). Stained 

cells were processed on a BD LSRFortessa cell analyzer and flow cytometry data analyzed 

by FlowJo software.

For Figure 7A, B, and E, OT-1 T cells were primed as in Figure 1A. After 4 days of 

priming, live cells were collected through a density gradient of Histopaque 1077 (Sigma, 
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10771). Live OT-1 T cells were treated with 20 μg/mL abatacept or control IgG (Bio X 

Cell, BE0096) at 37 °C for 1 h. 6 × 104 IgG or abatacept treated OT-1 T cells were 

then cultured with 3 × 105 VF405-labeled irradiated B16F10 or B16OVA cells (8000 rad). 

IgG or abatacept was also included at 20 μg/mL in the coculture medium. After 24 h 

coculture, medium was collected for IL-2 (BioLegend, 431001) and IFNγ (BioLegend, 

430801) measurement using ELISA, and cells were collected for GzmB and Ki67 staining. 

After 72 h culturing, OT-1 T cells viability and Bcl-xL expression were analyzed. Briefly, 

cells were incubated with Zombie Aqua viability dye (BioLegend, 423102), followed by 

FITC anti-mouse CD8 (BioLegend, 140404) staining. Stained cells were fixed with 4% PFA 

and permeabilized with 0.05% Triton X-100. Permeabilized cells were then stained with PE 

anti-mouse GzmB (BioLegend, 372207), PE-Cy7 anti-mouse Ki67 (BioLegend, 652425), 

and anti-Bcl-xL (Proteintech, 10783–1-AP) followed by AF647 anti-rabbit IgG (BioLegend, 

406414) staining. Stained cells were processed on a BD LSRFortessa or LSRFortessa X20 

cell analyzer and flow cytometry data analyzed by FlowJo.

For Figure 7C, OT-1 T cells were primed as in Figure 1A except that cells were split on 

day 3 and cultured in the presence of either 100 U/mL human IL-2 (PeproTech, 200–02) 

or 10 ng/mL human IL-15 (PeproTech, 200–15) for another 3 days. Afterward, live cells 

were collected through a density gradient of Histopaque 1077. Live OT-1 T cells were then 

incubated in migration buffer (RPMI 1640 [ThermoFisher, 11835030] supplemented with 

0.1% FBS, 1 mM sodium pyruvate, 50 mM β-mercaptoethanol, 100 U/mL of Penicillin, and 

100 mg/mL of Streptomycin) for 4 h before added into a transwell inserts (Corning, 3421) 

pre-coated with 10 μg/mL FN (Corning, 354008), in the presence of 20 μg/mL abatacept or 

control IgG in migration buffer. 1 × 106 T cells were added into each insert. 4 h later, the 

number of T cells in the bottom well was quantified using an EVE cell counter (NanoEntek).

For Figure 7D, OT-1 cells were primed as in Figure 7C in the presence IL-15. OT-1 

cells after 24 h priming were retrovirally transduced with LifeAct-mCherry as previously 

described.96 After 6 days priming, T cells expressing LifeAct-mCherry, sorted using flow 

cytometry, were incubated in migration buffer for 4 h in the presence of 20 μg/mL abatacept 

or control IgG. Treated cells were seeded onto a glass-bottom 96-well plate, which was 

pre-coated with 2 μg/mL mouse ICAM1 (Sino Biological, 50440-M08H). After incubation 

at 37°C for 20 min, cells were fixed by 4% PFA and actin foci were observed through TIRF 

microscopy.

For Figure 7J, CD8+ naïve T cells were isolated from Cd28−/− OT-1 mice using mouse CD8 

naïve T cell isolation kit (BioLegend, 480044) and activated with plate-bound anti-CD3ε 
antibodies (5 μg/mL, BioLegend, 100340) in primary T cell media containing 100 U/mL 

human IL-2. Cells were transduced twice at 24 h and 48 h using retrovirus produced 

by Platinum-E cells co-transfected with pCl-Eco packaging plasmid and pQCX plasmid 

encoding Cd28(WT) or Cd28(Y170F). At 96 h, cells were cocultured with VF405-labeled 

irradiated B16F10 cells preloaded with 30 pM OVA257–264, in the presence of 20 μg/mL 

abatacept or control IgG. After 24 h coculture, medium was collected for IL-2 (BioLegend, 

431001) and IFNγ (BioLegend, 430801) ELISA, and cells were collected for GzmB 

staining and flow cytometry measurement as mentioned above.
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For Figure S7D, Cd28−/− OT-1 cells were isolated, activated, and transduced as in Figure 7J, 

except LifeAct-mCherry was co-transduced. After 3-day priming, OT-1 cells were cultured 

in primary T cell media containing 10 ng/mL human IL-15 (PeproTech, 200–15) for another 

3 days. Actin foci were detected as in Figure 7D.

OT-1 cell adoptive transfer and B16OVA tumor growth assays—For B16OVA 

tumor growth experiment in Figure 7F–I, 8–12 weeks old male and female C57BL/6J 

CD80–/–CD86–/– mice, which were distributed across multiple cages and litters, were 

inoculated with 2.5 × 105 B16OVA cells in the subcutaneous space. Five days later, 

mice were intravenously injected with 5 × 106 OT-1 T cells, which were primed for 4 

days as described in Figure 1A and collected through a density gradient of Histopaque 

1077 for live cells. 200 μg abatacept or control IgG was intraperitoneally injected twice 

per week from the day 5 post tumor inoculation. Abatacept and IgG treatment were 

randomly applied to both male and female mice. The tumor volume (V) was estimated 

using: V = ab2/2, in which a denotes the longer diameter and b denotes the shorter 

diameter. Tumor and blood were harvested from all animals after 26 or 29 days of 

tumor inoculation. Tumor samples were treated by collagenase (Worthington Biochemical, 

LS004197) and soybean trypsin inhibitor (Worthington Biochemical, LS003587) at 37°C 

for 30 min to prepare single cell suspensions. For cytokine measurement, single cell 

suspensions of tumors were further cultured in primary T cell medium supplementing 

with 10 nM OVA257–264 and 5 μg/mL brefeldin A (BioLegend, 420601) for 6 h. Single 

cell suspensions were pre-incubated with the viability dye Zombie Aqua, and then 

incubated with TruStain FcX plus (BioLegend, 156604) to block Fc receptors, followed 

by BV421 OVA257–264 H-2Kb tetramer (NIH) staining. Cells were further stained with 

a mixture of antibodies containing anti-CD45 (BioLegend, 103149), anti-CD8 (Bio-Rad, 

MCA609SBV610; Accurate Chemical, ACL168F), anti-CD62L (BioLegend, 104448), anti-

CD44 (BioLegend, 103049), anti-CD80 (BioLegend, 104743), anti-CD86 (BioLegend, 

105011), anti-PD1 (BioLegend, 109104), anti-IFNγ (BioLegend, 505835), and anti-TNFα 
(BioLegend, 506315), each conjugated to a different fluorochrome. Cells were processed on 

a BD LSRFortessa X20 by BD FACSDiva software (BD Biosciences). OT-1 T cells were 

identified by positive staining with OVA257–264-H-2Kb tetramer in the live, CD45+CD8+ 

population. Data obtained were analyzed using FlowJo.

For Figure 7K–N, 8–10 weeks old male and female WT C57BL/6J mice, distributed across 

multiple cages and litters, were inoculated with 2.5 × 105 B16OVA cells in the subcutaneous 

space. Five days later, mice were intravenously injected with 5 × 106 Cd28(WT)+ OT-1 T 

cells, 5 × 106 Cd28(Y170F)+ OT-1 T cells, or PBS alone. Cd28(WT)+ and Cd28(Y170F)+ 

OT-1 T cells were generated as in Figure 7J and proliferated for another 2 days in primary T 

cell media containing 100 U/mL IL-2 after 3-day priming. Before injection, live OT-1 cells 

were collected through a density gradient of Histopaque 1077. Tumor growth was measured 

blindly twice per week and volume was calculated as in Figure 7F. Tumor and blood were 

harvested from all animals after 23, 26 or 29 days of tumor inoculation. OT-1 T cells in 

tumor and blood and cytokine production were measured as in Figure 7G–I.
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For Figure S5, B16F10 and B16OVA were cultured for 24 h in the presence of mouse 

IFNγ at the indicated concentration, followed by measurement of CD80, CD86, and PDL1 

expression using a BD LSRFortessa.

For immunohistochemistry analysis in Figure S6, 21 B16OVA tumors from IgG and Abata 

treated mice in Figure 7F were fixed in formalin for 24 h and kept in 70% ethanol, 

followed by paraffin embedding. Sectioned tissues were baked at 60 °C for 1 h, followed 

by rehydration through successive treatment in Xylene (thrice), 100% ethanol (twice), 

95% ethanol (twice), 70% ethanol (twice) and ddH2O. Antigen retrieval was performed 

in Antigen Unmasking Solution (Citrate Based, pH 6) (Vector, H-3300) at 95 °C for 30 

min. Staining was performed on an Intellipath Automated IHC Stainer (Biocare). Peroxidase 

was blocked with Bloxall (Vector, SP-6000) for 10 min. Tissues were blocked with 3% 

Donkey Serum for 10 min, followed by staining with anti-CD3ε Primary Antibody (Rabbit, 

Abcam, ab16669, 1:100) for 1 h, anti-Rabbit HRP Polymer (Cell IDX, 2RH-100) for 30 

min, and Tyramide-488 Reagent (ThermoFisher Scientific, B40953) for 10 min. Stained 

tissue sections were mounted with Vectashield Vibrance containing DAPI (Vector, H-1800–

10) and observed using a Leica SP8 confocal microscope. 10 random selected areas from 

each sample were used to count isolated CD3+ cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were shown as mean ± SEM, and number of replicates were indicated in Figure 

legends. Statistical significance was evaluated by two-tailed Student’s t test, One-way 

ANOVA, or Two-way ANOVA (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 

0.0001) in GraphPad Prism 9. Data with p > 0.05 are considered statistically non-significant 

(ns).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

T cell B7 molecules bind to CD28 in cis at concave membranes during CD28 endocytosis

Cis-B7:CD28 interactions trigger CD28 signaling through PKCθ

CD28 cis-signaling is promoted by PI3K-SNX9-driven invagination of synaptic 

membranes

Cis-B7:CD28 signaling enhances anti-tumor response of primed CD8+ T cells
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Figure 1. CD28 and B7 are co-expressed on CD8+ T cells, colocalize on plasma membranes, and 
interact in cis.
A) Flow cytometry histograms showing expression of CD80 and CD86 in OT-1 T 

cells during in vitro priming using OVA257–264. The line plot shows the percentages of 

CD28+CD80+, CD28+CD86+, and CD28+CD80+CD86+ OT-1 T cells during priming. Mean 

± SEM from three OT-1 mice.

(B) STORM of CD28 and Spy-CD80, CD28 and Spy-CD86, or CD28 and Spy-PDL1 on the 

plasma membranes of HEK293T cells. Leftmost cartoons depict the experimental scheme: 

CD28 stained with anti-CD28 1st antibody (Ab) and CF568-labeled 2nd Ab; SpyTagged 

proteins stained with JF646-labeled SpyCatcher. 2nd column: raw two-color STORM images 

of indicated proteins. Bars = 1 μm. 3rd column: point rendering for two-color localizations 

computed by Coloc-Tesseler. Blue: CD28 colocalized with B7 or PDL1. Cyan: CD28 not 
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colocalized with B7 or PDL1. Red: B7 or PDL1 colocalized with CD28. Yellow: B7 or 

PDL1 not colocalized with CD28. Upper dot plot: Manders coefficients calculated using 

CD28 as a reference (orange) or using CD80, CD86, or PDL1 as a reference (cyan), based 

on 2–3 random 3 × 3 μm2 areas from each cell, n ≥ 6 areas from three independent 

experiments. Lower dot plot: number of molecules counted from each area, grey lines 

connect data points within the same areas.

(C) FRET data of cis-B7:CD28 interactions. Leftmost cartoons show cells co-expressing 

CLIP-CD28 (Dy547 labeled) and SNAP-tagged CD80, CD86, or PDL1 (AF647 labeled), 

± abatacept (Abata). Columns 2–5: confocal images of Dy547 and AF647 channels before 

and after AF647 photobleaching. Bar = 5 μm. Column 6: calculated pseudo-color FRET 

efficiency image (yellow to violet denotes strong to weak FRET). Column 7: DIC image. 

Dot plot: FRET efficiencies (NFRET) from n > 33 cells in ≥ three independent experiments. 

Mean ± SEM. One-way ANOVA: ****p < 0.0001. See also Figure S1.
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Figure 2. Cis-B7:CD28 interactions promote NFκB, AP1, IL-2, and IFNγ expression in T cells.
(A) Cartoons on the left depict CD28+/+NFκB:GFP+AP1:mCherry+ reporter Jurkat cell 

cocultured with Raji APCs, with CD80 or CD86 expressed on either Jurkat cell (cis) or Raji 

cell (trans), ± Abatacept. Flow cytometry histograms show GFP and mCherry expression 

with the mean fluorescence intensity (MFI) indicated. Histograms in condition 2 are shown 

as dashed lines in conditions 3–10 as references. Green and red bars summarize GFP 

(NFκB) and mCherry (AP1) MFI respectively. Bar graph: IL-2 concentration in media after 

16 h coculture. Data obtained from ≥5 independent experiments.
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(B) Left, CD28, CD80 and CD86 expression on primed mouse T cells. Right, scheme of 

primed T cells cocultured with anti-CD3ε-loaded splenocytes. Bar graph: % IFNγ+ T cells 

after 6 h coculture. Data obtained from 3 independent experiments.

(C) Left, CD28, CD80 and CD86 expression on primed human T cells and gating strategy. 

Right, scheme of primed T cells cocultured with SEB-loaded Raji cell. Bar graph: % IFNγ+ 

T cells after 6 h coculture. Data obtained from 3 technical replicates using T cells from one 

donor.

Data shown as mean ± SEM. One-way ANOVA (A) and unpaired two-tailed Student’s t test 

(B, C): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S2.
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Figure 3. Cis-B7:CD28 interactions occur head-to-head and are promoted by negative membrane 
curvatures.
(A) Dot plots summarizing cis-CD80:CD28 FRET and cis-CD86:CD28 FRET when 

indicated CD28 and B7 were co-expressed in HEK293T cells. Fluorophores coupled to 

ECDs as in Figure 1C. n > 20 cells from three independent experiments.

(B) Ribbon diagrams of predicted CD80:CD28 and CD86:CD28 structures. Dash circles: 

indicate B7:CD28 binding interfaces. Red residues crucial for interactions.
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(C) FRET efficiency images and dot plots summarizing cis-CD28:B7 FRET, cis-

CD28:PDL1 FRET, and cis-PDL1:CD80 FRET, when the indicated protein pairs were 

co-expressed in HEK293T cells, with the fluorophores coupled to their ICDs, indicated in 

the cartoons. n > 36 cells from ≥ 3 independent experiments.

(D) A BiLC assay probing the CD28-ICD:B7-ICD proximity with LgBiT and SmBiT fused 

to the C-terminus of ICDs. Cartoon depicts the theoretical outcomes of head-to-head versus 

side-by-side binding. Low transfection efficiency allowed untransfected cells to serve as 

filler cells, limiting trans-contact of double positive cells. Positive control: PDL1:CD80 

pair. Bar graphs show luminescence intensity ± blockade drug (Abatacept for cis-B7:CD28, 

atezolizumab for cis-CD80:PDL1).

(E) Same as D except that LgBiT and SmBiT were coupled to the N-terminus of ECDs, to 

probe ECD proximity within a cis-complex. Cartoon depicts the theoretical outcomes. Bar 

graph summarizes the experimental data.

(F) Control experiments showing limited trans-B7:CD28 interactions due to excess filler 

cells. LgBiT-CD28 singly-transfected cells incubated with SmBiT-B7 singly-transfected 

cells in the presence of excess untransfected filler cells. Luminescence data summarized in 

the bar graph as mean ± SEM from four independent experiments.

(E) Effects of FBP17-induced membrane curvatures on cis-B7:CD28 FRET. HEK293T 

cells expressed CLIP-CD28, SNAP-B7, FKBP-TagBFP-CAAX, and mGFP-FRB-FBP17. 

Cartoon depicts a likely series of molecular events: Rapa induces membrane 

recruitment mGFP-FRB-FBP17, which invaginates the membranes to promote cis-CD28:B7 

interactions. Confocal images show Rapa effects on mGFP-FRB-FBP17 localizations. Dot 

plot summarizes cis-B7:CD28 and cis-CD80:PDL1 FRET of HEK293T cells treated with 

DMSO or Rapa, ± Abata from n > 21 cells from ≥ 3 independent experiments.

Unpaired two-tailed Student’s t test (D, E) and One-way ANOVA (B-F): *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001. See also Figure S3.

Zhao et al. Page 38

Immunity. Author manuscript; available in PMC 2024 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Cis-B7:CD28 interactions depend on CD28 endocytosis.
(A) Effects of Eps15DN on cis-B7:CD28 interactions. Left, confocal images of 

Dy547*CLIP-CD28 expressed in HEK293T cells with or without co-transfection with 

Eps15DN. Dot plot: ratio of intracellular CD28 to cell surface CD28 of n > 16 cells from 

three independent experiments.

(B) Left, Dy547*CLIP-CD28:AF647*SNAP-CD80 FRET in HEK293T cells (control) and 

HEK293T cells co-transfected with Eps15DN. Dot plot: NFRET of n > 20 cells from three 
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independent experiments. Right, same as Left except replacing CD80 with CD86, n > 23 

cells from three independent experiments. Bar = 5 μm.

(C) Internalization kinetics of CD28 mutants. Jurkat cells transduced with Spy-CD28, Spy-

CD28(Y191F), or Spy-CD28(CD45TM), with amino acid (AA) sequence of TMD and ICD 

shown, were labeled with biotinylated SpyCatcher on ice, followed by incubation at 37 °C 

or on ice. Cell surface CD28 stained by AF647-conjugated streptavidin, measured by flow 

cytometry, normalized to AF647 MFI at 0 min, and plotted against time (mean ± SEM, n 

> 5). Confocal images of indicated Jurkat cell taken after 60 min incubation at 37 °C upon 

staining Spy-CD28 proteins with JF646*SpyCatcher. Bar = 10 μm.

(D) Dot plots summarizing the FRET between indicated CLIP-CD28 variants and SNAP-

B7. n > 24 cells in ≥ 3 independent experiments.

(E) Effects of CD28 endocytosis mutants on cis-B7 induced IL-2 secretion. Jurkat co-

expressing CD28(WT) or indicated mutant with CD80 or CD86 cocultured with excess 

SEE-loaded CD80−/−CD86−/− Raji APCs. Bar graphs summarize IL-2 in the media in three 

independent experiments.

(F) Effects of CD28 endocytosis mutants on trans-B7 induced IL-2 secretion. Same as E 

except that CD80 or CD86 was expressed in Raji cell rather than in Jurkat cell.

(G) Localizing cis-B7:CD28 complexes and cis-CD80:PDL1 complexes using Split-APEX2 

and TEM. Jurkat cells co-expressing ALFA-CD28 and Spy-B7, or ALFA-PDL1 and Spy-

CD80 were labeled by EX-NbALFA and AP-SpyCatcher. Functional APEX2 detected 

by DAB staining, observed using TEM, denoted by orange arrows. Bar graph: % DAB 

stains on flat membrane and invaginated membrane of n > 17 cells from two independent 

experiments. Bar = 0.5 μm. Unpaired two-tailed Student’s t test (A), One-way ANOVA 

(C-F) and Two-way ANOVA (B): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See 

also Figure S4.
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Figure 5. Cis-B7 promotes the synaptic enrichment of CD28 and PKCθ and decreases the 
membrane association of CD28 ICD.
(A) Effects of cis-B7 on CD28 and PKCθ localizations. Cartoon on top: AA sequence 

of human CD28 ICD with PI3K, Lck, and PKCθ binding motifs highlighted. Leftmost 

cartoons depict a CD80−/−CD86−/− Raji cell contacting a CD28+ Jurkat cell, a CD28+B7+ 

Jurkat cell, an Abata-treated CD28+B7+ Jurkat cell, a CD28(Y191F)+B7+ Jurkat cell or 

a CD28(Y209F)+B7+ Jurkat cell. Immediate right are confocal images of immunostained 

CD28 and PKCθ acquired 30 min after Jurkat:Raji cell contact. Dashed circles indicate Raji 
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cells conjugated to Jurkat cells. Dot plots: synaptic enrichment indices of CD28 (magenta) 

and PKCθ (green), n > 27 conjugates from three independent experiments. Bar = 10 μm.

(B) Bar graph summarizing IL-2 secretion by Jurkat cells expressing indicated CD28 

variants cocultured with SEE-loaded Raji cells, with CD80 expressed either on Jurkat cell 

(in cis) or on Raji cell (in trans). Data from two independent experiments with two technical 

replicates each.

(C) A FRET assay showing effects of cis-B7 on CD28-ICD:membrane binding, depicted 

in cartoon on top. Leftmost cartoons depict a CD80−/−CD86−/− Raji cell contacting a 

CD28-mTFP1+ Jurkat cell, a CD28-mTFP1+B7+ Jurkat cell, or an Abata-treated CD28-
mTFP1+B7+ Jurkat cell. Immediate right are confocal images of CD28-mTFP1 and R18 

before and after R18 photobleaching, and pseudo-color FRET efficiency images. Dot plots: 

NFRET calculated based on the Jurkat:Raji cell contact zone from n > 23 conjugates in three 

independent experiments.

Data shown as mean ± SEM. One-way ANOVA: *p < 0.05, **p < 0.01, ***p < 0.001, ****p 

< 0.0001.

Zhao et al. Page 42

Immunity. Author manuscript; available in PMC 2024 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. SNX9-induced membrane invagination at the T:APC interface promotes cis-B7:CD28 
interactions and T cell activation.
(A) Model by which CD28:PI3K interaction promotes cis-B7:CD28 interactions via SNX9-

driven membrane invagination.

(B) A FRET assay showing effects of SNX9 deficiency on cis-B7:CD28 interactions. 

Leftmost western blot shows SNX9 and GAPDH expression in indicated Jurkat 

cells. Immediate right are cartoons showing indicated Jurkat cells conjugated with 

CD80−/−CD86−/− Raji cell. Further right are confocal images of Dy547 and AF647 channels 

before and after AF647 photobleaching, FRET efficiency image, and DIC image. Bar = 

10 μm. Dot plot: cis-B7:CD28 NFRET from n > 30 cells in three independent experiments. 

Mean ± SEM.

(C) Effects of SNX9 deficiency on cis-B7-induced synaptic enrichment of CD28 and PKCθ. 

Leftmost cartoons depict a CD80−/−CD86−/− Raji cell contacting Jurkat cell with indicated 
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genotype. Further right are confocal images of immunostained CD28 and PKCθ acquired 

30 min after Jurkat:Raji cell contact, with Raji cell denoted by a dash circle. Dot plots: 

synaptic enrichment indices of CD28 (magenta) and PKCθ (yellow), n > 16 conjugates in 

three independent experiments. Bar = 10 μm.

(D) Effects of SNX9 deficiency on cis-B7 induced IL-2 secretion. Western blot shows SNX9 

and GAPDH expression in indicated Jurkat cells. Bar graph on the right summarizes IL-2 

secretion from WT or SNX9−/− Jurkat cell with or without B7 transduced upon coculture 

with excess SEE-loaded CD80−/−CD86−/− Raji cell in three independent experiments.

(E) 3D reconstructed Z-stack confocal images of SNX9, T cell membranes, and CD28 

in the presence of cis-B7 upon TCR stimulation. Leftmost cartoons depict Jurkat cell 

with indicated genotype triggered by an anti-CD3ε (OKT3) containing SLB. On the right 

are 3D reconstruction images of mGFP-SNX9, R18-stained Jurkat cell membranes, and 

immunostained CD28(WT) or CD28(Y191F) acquired 30 min after Jurkat:SLB contact. Bar 

= 5 μm.

Unpaired two-tailed Student’s t test for (B), One-way ANOVA for (C, D). **p < 0.01, ***p 

< 0.001, ****p < 0.0001.
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Figure 7. Disruption of cis-B7:CD28 interactions attenuates cytokine production, cytotoxicity, 
survival, migration and anti-tumor activity of CD8+ T cells.
(A) Dot plots summarizing IL-2, IFNγ, and GzmB productions from primed OT-1 cells after 

24 h coculture with five-fold excess B7-negative B16F10 or B16OVA, in the presence of 

Abata or IgG control.

(B) Dot plots summarizing Bcl-xL expression and % live population of OT-1 cells after 72 h 

of OT-1:B16 cell co-culture depicted in A.
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(C) OT-1 cell migration cross a FN-coated transwell in the presence of Abata or IgG control. 

OT-1 cells were pre-conditioned by IL-2 or IL-15 as depicted. Dot plots: % cells migrated to 

the bottom well in 4 h.

(D) Effects of cis-B7:CD28 interactions on actin foci formation. Left, TIRF images of actin 

foci in LifeAct-mCherry-transduced, IL-15 conditioned OT-1 cells seeded on an ICAM1-

coated plate, in the presence of Abata or IgG control. Dot plot summarizes numbers of actin 

foci per cell from two independent experiments. n > 52 cells, bar = 5 μm.

(E) Effects of cis-B7:CD28 interactions on OT-1 cell proliferation. Same as (A) except 

measuring Ki67 expression.

(F) Effects of Abata on B16OVA tumor growth in Cd80−/−Cd86−/− C57BL/6J mice 

adoptively transferred with OT-1 cells. Left, experimental scheme. Middle, tumor volume 

plotted against time for individual mice that received either Abata or IgG control. Right, 

mean tumor volume plotted against time for all mice in the indicated treatment group.

(G, H) Effects of Abata on total and Tcm OT-1 cells adoptively transferred to 

CD80−/−CD86−/−, B16OVA-bearing C57BL/6J mice, measured in tumor and blood at the 

end point.

(I) Effects of Abata on TNFα and IFNγ expression in tumor-infiltrating OT-1 cells. Data 

shown as mean ± SEM, n = 12 for IgG condition and n = 9 for Abata condition.

(J) Left, CD28, CD80 and CD86 expressions on Cd28−/− OT-1 cells reconstituted with 

Cd28(WT) or Cd28(Y170F). Right, IL-2, IFNγ and GzmB production by indicated OT-1 

cells upon 24 h coculture with OVA-loaded B16F10 cells. Data from 2 mice with 2 technical 

replicates each.

(K) B16OVA tumor growth in WT C57BL/6J mice transferred with Cd28(WT)+ OT-1 cell or 

Cd28(Y170F)+ OT-1 cell. Left, experimental scheme. Middle, tumor volume plotted against 

time for individual mice that received indicated OT-1 cell or PBS alone. Right, mean tumor 

volume plotted against time.

(L, M) Total and Tcm Cd28(WT)+ OT-1 cells or Cd28(Y170F)+ OT-1 cells in tumor and 

blood of OT-1 cell transferred mice at the end point.

(N) TNFα and IFNγ expression in tumor-infiltrating Cd28(WT)+ OT-1 cell and 

Cd28(Y170F)+ OT-1 cell. Data shown as mean ± SEM, n = 10 for each condition.

Unpaired two-tailed Student’s t test for (C, D, G-I, L-N), One-way ANOVA for (A, B, E, J), 

Two-way ANOVA for (F, K). ns, p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001. See also Figures S5–S7.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE anti-human CD28 antibody BioLegend Cat # 302940
RRID: AB_2564147

Anti-human CD28 antibody Bio X Cell Cat # BE0291
RRID: AB_2687814

PE anti-human CD80 antibody BioLegend Cat # 305208
RRID: AB_314504

Allophycocyanin anti-human CD80 antibody BioLegend Cat # 305220
RRID:AB_2076147

Allophycocyanin anti-human CD86 antibody BioLegend Cat # 374207
RRID: AB_2721448

CF568 anti-mouse IgG antibody Biotium Cat # 20802
RRID: N/A

Anti-human CD3ε antibody BioLegend Cat # 317326
RRID: AB_11150592

Anti-SNX9 antibody Proteintech Cat # 15721-1-AP
RRID: AB_2286415

Anti-GAPDH antibody Proteintech Cat # 10494-1-AP
RRID: AB_2263076

AF647 anti-human CD28 antibody BioLegend Cat # 302953
RRID: AB_2721412

Anti-PKCθ antibody Cell Signaling Cat # 13643S
RRID: AB_2798282

CF568 anti-rabbit IgG antibody Biotium Cat # 20801
RRID: N/A

Atezolizumab Bio X Cell Cat # SIM0009
RRID: AB_2894730

Biotin anti-human CD3ε antibody BioLegend Cat # 317320
RRID: AB_10916519

Anti-mouse CD3ε antibody BioLegend Cat # 100340
RRID: AB_11149115

Anti-mouse CD28 antibody BioLegend Cat # 102116
RRID: AB_11147170

TruStain FcX plus BioLegend Cat # 156604
RRID: AB_2783138

Allophycocyanin-Cy7 anti-mouse CD3ε antibody BioLegend Cat # 100330
RRID: AB_1877170

FITC anti-mouse CD4 antibody BioLegend Cat # 317408
RRID: AB_1877170

FITC anti-mouse CD4 antibody BioLegend Cat # 100510
RRID: AB_312713

PerCP-Cy5.5 anti-mouse CD8 antibody BioLegend Cat # 100734
RRID: AB_2075238

FITC anti-mouse CD8 antibody BioLegend Cat # 140404
RRID: AB_10643587

PE anti-mouse CD80 antibody BioLegend Cat # 104707
RRID: AB_313128

BV711 anti-mouse CD80 antibody BioLegend Cat # 104743
RRID: AB_2810338
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REAGENT or RESOURCE SOURCE IDENTIFIER

Allophycocyanin anti-mouse CD86 antibody BioLegend Cat # 105011
RRID: AB_493343

PE-Cy7 anti-mouse CD28 antibody BioLegend Cat # 102126
RRID: AB_2617011

AF700 anti-human CD3ε antibody BioLegend Cat # 317339
RRID: AB_2563407

FITC anti-human CD4 antibody BioLegend Cat # 317408
RRID: AB_571951

PerCP-Cy5.5 anti-human CD8 antibody BioLegend Cat # 301031
RRID: AB_893426

PE-Cy7 anti-human CD28 antibody BioLegend Cat # 302926
RRID: AB_10644005

PE anti-human CD86 antibody BioLegend Cat # 374206
RRID: AB_2721633

BV711 human IFNγ antibody BioLegend Cat # 502539
RRID: AB_11218602

PE antti-mouse PD1 antibody Biolegend Cat # 109104
RRID: AB_313421

PE anti-mouse PDL1 antibody Biolegend Cat # 124308
RRID: AB_2073556

PE anti-GzmB antibody BioLegend Cat # 372207
RRID: AB_2687031

PE-Cy7 anti-mouse Ki67 antibody BioLegend Cat # 652425
RRID: AB_2632693

Anti-Bcl-xL antibody Proteintech Cat # 10783-1-AP
RRID: AB_2064724

AF647 anti-rabbit IgG antibody BioLegend Cat # 406414
RRID: AB_2563202

BV785 anti-mouse CD45 antibody BioLegend Cat # 103149
RRID: AB_2564590

FITC anti-mouse CD8 antibody Accurate Chemical Cat # ACL168F
RRID: N/A

BV610 anti-mouse CD8 antibody Bio-Rad Cat # MCA609SBV610
RRID: N/A

PE-Dazzle 594 anti-mouse CD62L antibody BioLegend Cat # 104448
RRID: AB_2566162

BV650 anti-mouse CD44 antibody BioLegend Cat # 103049
RRID: AB_2562600

BV711 anti-mouse IFNγ antibody BioLegend Cat # 505835
RRID: AB_11219588

AF488 anti-mouse TNFα antibody BioLegend Cat # 506315
RRID: AB_493329

Anti-mouse CD3ε antibody Abcam Cat # ab16669
RRID: AB_443425

Allophycocyanin anti-human CD69 antibody Biolegend Cat # 310909
RRID: AB_314844

HRP anti-rabbit IgG antibody Cell IDX Cat # 2RH-100
RRID: N/A

Biological samples

Human white blood cells San Diego Blood Bank Cat # LRS-WBC’s
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Escherichia coli BL21 (DE3) New England Biolabs Cat # C2527I

Chemicals, peptides, and recombinant proteins

Fetal bovine serum Omega Scientific Cat # FB-02

DMEM medium Corning Cat # 10017CV

RPMI 1640 medium Corning Cat # 10041CM

Sodium pyruvate Corning Cat # 25000CI

β-mercaptoethanol Fisher Scientific Cat # ICN19024283

Penicillin and Streptomycin GE Healthcare Cat # SV30010

Trypsin-EDTA (0.25%) ThermoFisher Scientific Cat # 25200114

Trypan blue Sigma Cat # T8154

HBSS ThermoFisher Scientific Cat # 14025134

PBS ThermoFisher Scientific Cart # 10010049

Everspark STORM buffer Idylle Cat # Everspark

100 nm Red Fluorescent Nanodiamond Adámas Nanotechnologies Cat # NDNV100nmHi2ml

Furimazine Aobious Cat # AOB36539

Janelia Fluor® 646, Maleimide Tocris Bioscience Cat # 6590

Alexa Fluor® 647 Streptavidin Jackson ImmunoResearch Cat # 016-600-084

Poly-D-Lysine Sigma-Aldrich Cat # P6407

Polyethylenimine Fisher Scientific Cat # NC1014320

CLIP-Surface Dy547 New England Biolabs Cat # S9233S

SNAP-Surface Alexa Fluor 647 New England Biolabs Cat # S9136S

Paraformaldehyde Fisher Scientific, Cat # 50980494

Glutaraldehyde Electron Microscopy Sciences Cat # 16020

Sodium cacodylate Electron Microscopy Sciences Cat # 12300

Triton X-100 Fisher BioReagents, Cat # BP151500

LgBiT-SpyCatcher This study N/A

SpyCatcher-AVI This study N/A

AP-SpyCatcher This study N/A

EX-NbALFA This study N/A

BirA X. Xu, et al., 2021 N/A

HisTrap HP column GE Healthcare Cat # 17524802

Glutathione Agarose Beads MCLAB Cat # GAB-300

Superdex 75 Increase 10/300 GL column GE Healthcare Cat # 29148721

Superdex 200 Increase 10/300 GL column GE Healthcare Cat # 28990944

Zeba Spin Desalting Columns ThermoFisher Scientific Cat # P187769

Bovine serum albumin ThermoFisher Scientific Cat # 23209

SEE Toxin Technology Cat # ET404

SEB Toxin Technology Cat # BT202
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REAGENT or RESOURCE SOURCE IDENTIFIER

ViaFluor 405 SE Biotium Cat # 30068

Saponin MilliporeSigma Cat # 558255

Abatacept Ira Mellman (Genentech) N/A

Human IgG1 Fc Bio X Cell Cat # BE0096

Rapamycin Fisher BioReagents Cat # 501126903

Hemin Sigma Aldrich Cat # H9039

DAB TCI Chemicals Cat # D0077

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) Avanti Polar Lipids Cat # 850457C

1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid) 
succinyl] (nickel salt, DGS-NTA-Ni)

Avanti Polar Lipids Cat # 790404C

1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) (sodium salt, 
Biotin-DPPE)

Avanti Polar Lipids Cat#: 870285P

1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-5000] ammonium salt (PEG5000-PE)

Avanti Polar Lipids Cat#: 880230C

Streptavidin ThermoFisher Scientific Cat # S888

Human ICAM1 Sino Biological Cat # 10346-H08H

Human IL-2 PeproTech Cat # 200-02

Human IL-15 PeproTech Cat # 200-15

Mouse IFNγ Biolegend Cat # 575302

OVA257–264 Anaspec Cat # AS-60193-1

Zombie Violet BioLegend Cat # 423113

Zombie Aqua BioLegend Cat # 423102

Fibronectin Corning Cat # 354008

Mouse ICAM1 Sino Biological Cat # 50440-M08H

BV421 OVA257–264 H-2Kb tetramer NIH Tetramer Core Facility N/A

Tyramide-488 Reagent ThermoFisher Scientific Cat # B40953

Octadecyl Rhodamine B Chloride Biotium Cat # 60033

Brefeldin A Biolegend Cat # 420601

Collagenase Worthington Biochemical Cat # LS004197

Soybean trypsin inhibitor Worthington Biochemical Cat # LS003587

Critical commercial assays

Human IL-2 ELISA MAX™ BioLegend Cat # 431804

Mouse IL-2 ELISA MAX™ BioLegend Cat # 431001

Mouse IFNγ ELISA MAX™ BioLegend Cat # 430801

PCR Mycoplasma Detection Kit Applied Biological Materials 
Inc

Cat # G238

Mouse CD3 T cell isolation kit BioLegend Cat # 480031

mouse CD8 naïve T cell isolation kit BioLegend Cat # 480044

Experimental models: Cell lines

HEK 293T cells Ronald Vale (University of 
California San Francisco)

RRID: CVCL_0063
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REAGENT or RESOURCE SOURCE IDENTIFIER

Phoenix-ECO cells Ronald Vale (University of 
California San Francisco)

RRID: CVCL_H717

Platinum E cells Li-Fan Lu
(University of California San 
Diego)

RRID: CVCL_B488

Jurkat E6.1 T cells Arthur Weiss (University of 
California San Francisco)

RRID: CVCL_0065

Raji B cells Ronald Vale RRID: CVCL_0511

B16F10 ATCC Cat # CRL-6475, RRID: 
CVCL_0159

B16OVA Ananda Goldrath N/A

See Table S1 for the list of cell lines This study N/A

Experimental models: Organisms/strains

C57BL/6-Tg (TcraTcrb) 1100Mjb/J (OT-1) Jackson Laboratory RRID: 
IMSR_JAX:003831

B6.129S4-Cd80tm1Shr Cd86tm2Shr/J (Cd80−/−Cd86−/−) Jackson Laboratory RRID: 
IMSR_JAX:003610

C57BL/6J Jackson Laboratory RRID: 
IMSR_JAX:000664

B6.129S2-Cd28tm1Mak/J (Cd28−/−) Jackson Laboratory RRID: 
IMSR_JAX:002666

Cd28−/− OT-1 This study N/A

Oligonucleotides

CD28 sgRNAs:
5’-GCTTGTAGCGTACGACAATG-3’ and 5’-
GTCCTTTGTGAAGGGATGCC-3’

This study N/A

SNX9 sgRNAs:
5’-AATGAACTGACGGTTAATGA-3’ and 5’-
GAAACATCAAAGGAGAACGA-3’

Ecker, et al., 2022 N/A

Recombinant DNA

See Table S2 for the list of recombinant DNAs This study N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Micro-Manager Open Imaging, Inc. https://micro-
manager.org/

AccPbFRET (Roszik et al., 2008) http://
biophys.med.unideb.hu/
accpbfret/

GraphPad Prism GraphPad Software Inc. https://
www.graphpad.com/
scientific-software/prism/

FlowJo FlowJo, LLC https://www.flowjo.com/

ThunderSTORM (Ovesný et al., 2014) https://zitmen.github.io/
thunderstorm/

Coloc-Tesseler software (Levet et al., 2019) http://www.iins.u-
bordeaux.fr/team-sibarita-
Coloc-Tesseler

PyMOL Schrödinger, Inc https://pymol.org/2/
RRID:SCR_000305
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