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Abstract

Programmed cell death-1 (PD-1) is a major co-inhibitory receptor and a member of the 

immunological synapse (IS). To uncover proteins that regulate PD-1 recruitment to the IS, we 

searched for cytoskeleton-related proteins that also interact with PD-1 using affinity purification 

mass spectrometry. Among these proteins, EF Hand domain family member D2 (EFHD2), a 

calcium binding adaptor protein, was functionally and mechanistically analyzed for its 

contribution to PD-1 signaling. EFHD2 was required for PD-1 to inhibit cytokine secretion, 

proliferation and adhesion of human T cells. Interestingly, EFHD2 was also required for human T 

cell-mediated cytotoxicity and for mounting an anti-tumor immune response in a syngeneic 

murine tumor model. Mechanistically, EFHD2 contributed to IS stability, lytic vesicles trafficking, 

and granzyme B secretion. Altogether, EFHD2 is an important regulator of T cell cytotoxicity, and 

further studies should evaluate its role in T cell-mediated inflammation.

Introduction

The immunological synapse (IS) is the interface between T cells and antigen presenting cells 

(APC). The IS consists of segregated clusters of proteins involved in T cell activation. A key 

member of these clusters is the T cell receptor (TCR) that is engaged by an antigen-loaded 

major histocompatibility complex on the APC. Productive interactions initiate signaling 

cascades that result in T cell adhesion, proliferation, and cytokine secretion. When the IS is 

composed of a cytotoxic T cell and a corresponding target cell (such as a tumor or virally 

infected cell), lytic granules are released to eliminate the counter cells. To execute these 

functions, a stable synapse between the T cell and the target cell must be formed. Indeed, 

TCR-induced synapses are characterized by reorientation of the microtubule-organizing 

center and substantial actin accumulation at the boundaries of the contact region (1–3).
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While T cell functions are required for mounting protective immune responses, it can also 

result in autoimmunity unless tightly regulated. Accordingly, immune responses are 

restrained by a plethora of mechanisms, including thymic clonal deletion of self-reactive T 

cells, inhibitory cells such as regulatory T cells, and anti-inflammatory cytokines (i.e., IL-10 

and TGF-β). Another important mechanism to restrict immune responses is immune 

checkpoints. Most of the immune checkpoints are co-inhibitory receptors that directly 

inhibit signaling downstream of the TCR.

Programmed cell death 1 (PD-1) is a typical co-inhibitory receptor, expressed on activated T 

cells and clusters in the IS alongside the TCR upon engagement by its ligands, PD-1 ligand 

1 (PDL1) or PDL2 (4). PDL1 is widely expressed on both hematopoietic and non-

hematopoietic cells, including tumor cells, whereas PDL2 is mainly expressed on APC (5–

9). Upon ligation, PD-1 recruits the phosphatase SHP2 to dephosphorylate phosphoproteins 

downstream of the TCR and to inhibit T cell activation (10–15). PD-1 knockout mice 

develop inflammatory cardiomyopathy and glomerulonephritis (16, 17), and PD-1 blockade 

induces potent anti-tumor immune response in patients with various types of malignancies 

(18, 19).

We have recently utilized affinity purification mass spectrometry (MS) to discover proteins, 

beside SHP2, that interact with the intracellular tail of PD-1 and regulate its function (14). 

Since recruitment of PD-1 to the IS is critical for its function (4), we used this data set to 

screen for proteins that interact with PD-1 and that also regulate IS formation through 

cytoskeleton organization. Multiple proteins were uncovered, including Swiprosin-1/EF 

Hand domain family member D2 (EFHD2). EFHD2 knock down (KD) blocked PD-1 

inhibitory functions in T cells through inhibition of stable IS formation. However, EFHD2 

was also required for T cell-mediated cytotoxicity and for anti-tumor immune response, 

implying for a pervasive role for this protein in IS formation.

Materials and methods

General reagents

RPMI 1640 medium, Dulbecco’s Modified Eagle’s Medium (DMEM), Dulbecco’s 

phosphate-buffered saline (DPBS) and fetal bovine serum (FBS) were purchased from Life 

Technologies. Opti-MEM-I was purchased from Invitrogen. Ficoll-Paque was purchased 

from GE. Staphylococcus enterotoxin E (SEE) was acquired from Toxin Technology. BCA 

assay was purchased from Pierce Biotechnology. Poly-L-lysine, puromycin and fibronection 

were obtained from Sigma.

Cell culture, transfection, and stimulation

Primary human T cells were isolated from whole blood using RosetteSep (Stemcell). Cells 

were maintained in enriched media at 5% CO2 at 37°C. Primary murine T cells were 

isolated from spleens of 10–12 week-old mice, followed by negative selection using 

Dynabeads (Invitrogen) T cells isolation kit. Jurkat T cells and Raji B cells were obtained 

from the ATCC and maintained in RPMI medium supplemented with 10% FBS and 100 

units/mL penicillin and streptomycin. MC38 cells were provided by Benjamin Neel (NYU) 
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and maintained in RPMI medium supplemented with 10% FBS and 100 units/mL penicillin 

and streptomycin. HEK 293T cells were obtained from the ATCC and maintained in 5% 

CO2 at 37°C in DMEM media supplemented with 10% FBS and 100 units/mL penicillin and 

streptomycin. DNA expression constructs were introduced into the cells by nucleofection 

(Lonza) with efficiency of 50–70%. Cells were stimulated with magnetic beads (ratio of 1:3 

cells/beads) conjugated either with anti-CD3 (25%) (UCHT1; R&D) and IgG1 (75%) 

(isotype control; Jackson ImmunoResearch), anti-CD3 (25%) and PDL1-Fc (50%) or PDL2-

Fc (50%) recombinant proteins (R&D) and IgG1 (25%), anti-CD3 (25%) and anti-CD28 

(25%) (CD28.2; eBioscience) and IgG1 (50%), or anti-CD3 (25%) and anti-CD28 (25%) 

and PDL1-Fc (50%). Constructs were introduced into HEK 293T cells using SuperFect 

transfection reagent (Qiagen) according to the manufacturer’s protocol.

Antibodies

Antibodies used for T cell activation were described above. Anti-GFP mAb-agarose (MBL), 

anti-GFP (Invitrogen), rat anti-mouse CD16/CD32 (Biosciences) and anti-EFHD2 (abcam) 

antibodies were used as described. Alexa 488 anti-mouse CD3, percp/Cy5.5 anti-mouse 

CD8a, APC/Cy7 anti-mouse CD45, PE anti-mouse CD4, Alexa 647 anti-mouse FOXP3, 

PE/Cy7 anti-mouse CD279 (PD-1), BV421 anti-mouse/human CD44, violet 421 IgG2b 

isotype control, PE/Cy7 IgG2b isotype control and Alexa 647 IgG2b isotype control 

antibodies were purchased from Biolegend and used as described.

DNA constructs

pMSCV-PD-1-YFP was a generous gift from James Allison (MD Anderson). PD-1-GFP 

fusion expression constructs were generated through PCR amplification and cloning into 

pGFP-N1 vector. Residues 192–288 of the PD-1 were used for cloning the tail of PD-1. 

pEFHD2-Cherry was generated by cloning of the EFHD2 gene from pDONR221-EFHD2 

(DNASU) into mCherry-hLC3B-pcDNA3.1 (David Rubinsztein; AddGene # 40827) (20). 

mCherry-Lifeact-7 was a gift from Michael Davidson (AddGene # 54491). pMD2G and 

psPAX2 were gifts from Mark Philips (NYU).

Knocking down of EFHD2

EFHD2 was stably knocked down in Jurkat T cells by RNA interference using Mission 

shRNA plasmids (Sigma). Lentiviral particles were generated by transfecting HEK 293T 

cells with pMD2G, psPAX2, and the shRNA plasmid using SuperFect (Qiagen). T cells 

were transduced by centrifugation and selected with puromycin. SMARTpool ON-

TARGETplus EFHD2 and non-targeting control siRNA (Dharmacon) were used according 

to the manufacturer’s instruction. For rescue experiments, a 3’-UTR targeting siRNA was 

used.

Enzyme-linked immunosorbent assay

To determine the concentration of secreted proteins after stimulation, human and mouse IL-2 

(Biolegend), human IFN-γ (Biolegend), and mouse Granzyme B (Invitrogen) kits were used 

according to the manufacturer’s protocols. Cells were stimulated as indicated.
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Cell proliferation assay

Cell proliferation assay was performed using tetrazolium compound based CellTiter 96 

Aqueous One Solution Cell Proliferation (MTS) assay (Promega). T cells were activated 

with antibodies coated beads and cultured for 4–6 days. MTS cell viability assay performed 

as indicated, according to the manufacturer’s instructions.

Immunoprecipitation, mass spectrometry and western blot analysis

Cell lysates were mixed with anti-GFP monoclonal antibody couple to agarose beads to 

enrich for GFP tagged proteins according to the manufacturer’s protocols (MBL). Pull down 

lysates were separated by tris-glycine PAGE and transferred to nitrocellulose filters and 

visualized as previously described (14). Affinity purification MS with GST-tagged PD-1 tail 

was previously described (14).

Flow cytometry

T cells were stained with fluorescently conjugated antibodies specific for PD-1 in FACS 

Buffer, washed and fixed in 1% paraformaldehyde. Events were recorded using 

FACSCalibur (BD), and analyzed using FlowJo software. To obtain single cell suspensions 

from tumors, tissues were digested and cells were blocked with anti-FcR prior to staining 

with antibodies against CD3, PD-1, CD44, CD8, CD4, and CD45 (Biolegend). For anti-

FOXP3 (Biolegend) staining, cells were fixed and permeabilized using True-Nuclear 

Transcription Factor Buffer Set (Biolegend). Samples were collected on a LSRII Flow 

Cytometer (BD), and data were analyzed using FlowJo software.

Static adhesion assay

Static T cell adhesion to fibronectin-coated plates was performed as reported earlier (21).

Conjugate formation assay

SEE (Toxin Technology) loaded Raji B cells (1.5×106) were mixed with Jurkat T cells 

(1.5×106), plated on poly-L-lysine (5 μg/ml) coated glass bottom culture 35mm plates 

(ibidi), and subjected to brief centrifugation prior to imaging. Images were taken with Zeiss 

700 confocal microscope and quantified for conjugate formation as previously described 

(10, 22).

Mice

Animal studies were approved by the New York University institutional animal care and use 

committee. EFHD2 knockout mice were generated by by Dr. Irving Vega (Michigan State 

University). Briefly, disruption of EFHD2 gene in Embryonic Stem (ES) cells was 

performed by homologous recombination using a replacement-type targeting vector (Neo-

LacZ). ES cells were electroporated with a neomycin (G418)-Lac Z clones. Chimeric males 

were obtained and breed with C57BL/6 wild-type females for 10 generations. For the 

syngeneic tumor model, mice were injected on day 0 with 1×106 MC38 cells subcutaneously 

in the right flank. Tumor diameter was measured every 3 days with an electronic caliper and 

reported as volume using the formula (width2 × length) × π/6 (23). Mice were sacrificed 
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when tumors reached the size of 2,000 mm3. Tumor infiltrating lymphocytes were analyzed 

as described earlier.

Cytotoxicity assay

Murine splenocytes were cultured with 1 ug/mL SEE and 1000 U/mL mIL-2 (Miltenyi) for 

72 hours, followed by isolation of CD8 T cells using isolation kit (Miltenyi). SEE loaded 

Raji B cells (target cells) were mixed with CD8 T cells at different ratios, as indicated, and 

cytotoxicity was tested using LDH cytotoxicity kit (ThermoFisher). In some experiments, 

CD8 T cells were stained with Lysotracker (ThermoFisher) before mixing with Raji cells, 

plated on poly-L-lysine (5 μg/ml) coated glass bottom culture 35mm plates (ibidi), and 

subjected to brief centrifugation prior to imaging. Images were taken with Zeiss 700 

confocal microscope and analyzed with ImageJ (NIH).

Histopathology

Tumors were fixed in 10% formalin, embedded in paraffin, and cut in 5 μm-thick sections, 

stained with hematoxylin and eosin or with anti-CD3 (Abcam). Bound antibodies were 

detected with peroxidase-based staining.

Statistics

Values are reported as means ± SEM. Statistical analyses were performed using Student’s t-
test and ANOVA analysis. All statistical analyses were performed using GraphPad Prism 

(Ver. 6.0).

Results

Multiple immunological synapse-related proteins interact with the tail of PD-1

To identify proteins that interact with the tail of PD-1 and that are also related to IS 

formation and stability, we used our previously published data set of the PD-1 interactome 

(14). As described, GST-tagged PD-1 cytoplasmic tail was utilized to affinity purify 

interacting proteins that were subsequently identified by MS. 813 proteins that interacted 

with GST itself were excluded (Fig. 1A). Of the 220 proteins that specifically interacted 

with PD-1, we considered candidates that were annotated as related to the IS by performing 

the following query in the GeneCards database (www.genecards.org) (24): “[phenotypes]

(immune) AND [all](cytoskeleton synapse)”. Accordingly, 19 PD-1 binding proteins were 

identified (Tab. 1). Pathways analysis (25) confirmed involvement of these proteins in IS-

related functions (Fig. 1B), supporting the biological relevance of the identified proteins.

EFHD2 is required for PD-1 inhibitory functions

Among the proteins that interact with PD-1 (Tab. 1), EFHD2 is of particular interest due to 

the shared autoimmune characteristics of EFHD2 and PD-1 deficient mice (26). Co-

immunoprecipitation confirmed physical interaction between GFP-PD-1 and endogenous 

EFHD2 in Jurkat T cells (Fig. 2A). Knocking down EFHD2 in primary human T cells with 

inhibitory RNA targeting the 3-UTR of this gene (Sup. 1A) resulted in near complete 

elimination of the inhibitory effect of PD-1 on IL-2 secretion downstream the antigen 

Peled et al. Page 5

J Immunol. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.genecards.org/


receptor (Fig. 2B). This phenotype was rescued by expressing EFHD2 lacking the 3-UTR 

(Fig. 2B). Importantly, PD-1 expression levels were maintained in the absence of EFHD2 
(Sup. 1B). EFHD2 was required for PD-1 inhibitory functions whether PDL1 or PDL2 were 

used to engage PD-1 (Fig. 2B). EFHD2 was also required for mediating PD-1 inhibitory 

signals when T cells were stimulated by cross-linking the co-receptor CD28 (Fig. 2C). 

Knockdown of EFHD2 blocked PD-1 induced ERK dephosphorylation (Sup. 1C). 

Functionally, EFHD2 was necessary to mediate the inhibitory effects of PD-1 on IFN-γ 
secretion (Fig. 2D) and adhesion of T cells to fibronectin-coated wells (Fig. 2E). The ability 

of PD-1 to inhibit IL-2 secretion (Fig. 2F) and proliferation (Fig. 2G) downstream of the 

TCR were also dependent on EFHD2 in primary mouse T cells isolated from EFHD2 
deficient mice. Altogether, EFHD2 is an essential mediator of PD-1 signaling and functions 

in both human and murine T cells in vitro.

EFHD2 co-localizes with PD-1 in the immunological synapse

To explore whether EFHD2 and PD-1 are localized to the same subcellular compartment in 

the context of IS formation, we overexpressed Cherry-EFHD2 in Jurkat T cells. EFHD2 

protein was distributed to the cytosolic compartment (Fig. 3A; right panel and Sup. 2A), 

while GFP-PD-1 (Sup. 1D) was localized to the plasma membrane and to a vesicular 

compartment (Fig. 3A; left panel). When we overexpressed both proteins in the same cell, 

EFHD2 was partly enriched at the plasma membrane (Fig. 3B; upper panel), but upon 

activating the cells by PDL1 expressing Raji cells loaded with SEE, both PD-1 and EFHD2 

polarized toward the IS (Fig. 3B; lower panel), supporting functional association.

Cytoskeleton organization through actin polymerization is required to establish stable IS and 

for proper recruitment of key co-receptors (27), including PD-1. A previous study has shown 

that EFHD2 was localized to areas of actin polymerization (28), and that EFHD2 could 

promote actin polymerization; hence, we knocked down EFHD2 in primary human T cells 

and recorded the localization of GFP-PD-1. As shown, in the absence of EFHD2, PD-1 

failed to polarize toward the IS (Fig. 3C), indicating that EFHD2 is needed for PD-1 

subcellular localization.

To further study the contribution of EFHD2 to synapse formation we cultured primary 

human T cells deficient of EFHD2 with Raji B cells loaded with SEE and recorded the 

tightness of the synapses (Sup. 2B). Shortly after co-culturing, 59% of the control cells 

formed stable conjugates (Fig. 3D), while for the EFHD2 KD cells, only 24% of the cells 

maintained this phenotype, suggesting that EFHD2 is required to maintain stable IS. During 

synapse maturation actin is depleted from the center of the synapse (Sup. 2C) (29) and 

accumulates at the periphery of the contact area between the cells. Actin visualization by 

fluorescently-tagged Lifeact peptide (30) revealed filamentous actin clearance from the 

center of the synapse in the control cells, but not in the EFHD2 deficient cells (Fig. 3E). 

Altogether, these results suggest that EFHD2 is required for the formation and the 

maturation of the synapse, which affects PD-1 recruitment to the same compartment.
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EFHD2 is necessary for anti-tumor immune response in vivo

PD-1 deficient mice demonstrate reduced tumor growth because of increased anti-tumor T 

cell activity (23). Since EFHD2 is necessary for PD-1 cellular functions and polarization, we 

anticipated that tumor growth rate in EFHD2 null mice would be reduced. To test that, 

MC38 murine colon adenocarcinoma cells were implanted subcutaneously in EFHD2 

knockout mice, but unexpectedly, tumor growth rates were increased in the null mice 

compared to the wild type littermates (Fig. 4A and 4B).

Quantification and organization of tumor infiltrating lymphocytes (TIL) failed to explain this 

unpredicted phenotype in the absence of significant differences between the experimental 

groups (Fig. 4C and 4D). Flow analysis revealed that both CD4 and CD8 TIL collected from 

EFHD2 null mice were more activated compared to the control group, as measured by the 

expression of both PD-1 and the activation marker CD44 (Fig. 4E). Cells isolated from 

spleens of the same animals did not demonstrate higher percentage of activated T cells (Fig. 

4E). There was also no significant difference in the percentage of regulatory T cells among 

the TIL to explain the increased tumor growth rate in the EFHD2 null mice (Fig. 4F).

EFHD2 is required for T cell induced cytotoxicity

While EFHD2 was necessary for PD-1 signaling and cellular functions (Fig. 2), it was also 

required for stable IS formation (Fig. 3), a critical constituent for cytotoxic T cell functions. 

We hypothesized that cytotoxicity in EFHD2 deficient cells is reduced compared to the 

control cells, explaining the increased tumor growth rate in the former (Fig. 4). To assess 

that, we used isolated primed CD8 T cells from both WT and EFHD2 null mice and 

subjected them to super antigen induced cytotoxicity assay (31). EFHD2 was required for 

effective killing of target cells in vitro (Fig. 5A). Even though EFHD2 null lymphocytes 

were more activated (Fig. 4E), their overall ability to counter tumor cells was limited (Fig. 

5A). Mechanistically, polarization of lytic granules towards the synapse in the EFHD2 null 

T cells was impaired compared with WT cells (Fig. 5B and 5C). In addition, lower levels of 

the enzyme Granzyme B were released from EFHD2 deficient cells compared to WT control 

cells (Fig. 5D).

Discussion

PD-1 polarization and trafficking to the IS are necessary for its function as an inhibitory 

immune checkpoint (4). In order to uncover PD-1 interacting partners that are also required 

for its localization, we explored our previous data set (14) through GeneCards functional 

annotation (24). We found that EFHD2, a calcium binding adaptor protein (32–35), 

physically interacted with PD-1 and also co-localized with it at the IS. EFHD2 was 

necessary not just for PD-1 trafficking to the IS, but also for PD-1 function in vitro. Since 

EFHD2 deficient mice show unregulated responses to infectious stimuli and spontaneously 

develop auto-antibodies (26), and based on our finding that EFHD2 is necessary for PD-1 

function in vitro, we speculated that EFHD2 null mice would show resistance to 

immunogenic tumors (23). However, MC38 tumors exhibited an increased growth rate in the 

EFHD2 deficient mice despite an increased expression of cellular activation markers. This 

unexpected discrepancy is explained, at least in part, by the ability of EFHD2 to control 
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additional key cellular functions, such as IS formation and cytotoxicity, bedside mediating 

PD-1 signaling and polarization.

EFHD2 is a 240 amino acids, calcium sensor protein that was originally described in 

lymphocytes (32). It consists of an N-terminal region of low complexity with an alanine 

stretch, a functional SH3-binding motif, two functional EF hands and a C-terminal coiled-

coiled domain (Sup. 3) (36). The mechanism of the interaction between PD-1 and EFHD2 is 

unclear. EFHD2 contains SH3-binding motifs, however the tail of PD-1 lacks SH3 and 

instead contains phosphotyrosine based motifs that can bind to SH2 domains, 

immunoreceptor tyrosine-based inhibitory motif (ITIM) and the immunoreceptor tyrosine 

based-switch motif (ITSM) (14). EFHD2 was affinity-purified by both WT PD-1 tail and by 

the PD-1 Y223F, Y248F tail, which lacks the ITIM and the ITSM (14). Thus, its interaction 

with PD-1 appears to be tyrosine independent. Remarkably, GRB2 was also found to be a 

PD-1-binding partner (Tab. 1) (14). GRB2 contains both SH2 and SH3 domains, and thus 

could potentially link PD-1 and EFHD2. While we and others have shown that the ITIM and 

ITSM of PD-1 are necessary for SHP2 binding and activation (12, 14), there could be an 

early and transient interaction between PD-1 and GRB2, which is later taken over by SHP2. 

Importantly, it was previously demonstrated that the ITIM and ITSM of PD-1 are not 

required for its clustering (4), implying that an alternative mechanism should be considered

A previous report has already demonstrated that EFHD2 was localized to areas of actin 

dynamics (28). EFHD2 was localized to the microvilli like protrusions in HMC-1, a mast 

cell leukemia cell line (37). Moreover, and in agreement with our findings, EFHD2 was 

recruited to the actin-rich region in Jurkat T cells during T cell activation, and 

overexpression of EFHD2 enhanced lamellipodia formation and cell spreading, while knock 

down of this protein resulted in an opposite effect (28). Mechanistically, it was shown that 

EFHD2 induced actin bundling in the presence of calcium. Our findings also support a role 

for EFHD2 in actin dynamics, demonstrated by the reduction in the number of stable 

synapses in the EFHD2 deficient cells and by reduced actin recruitment to the periphery of 

the synapses. The lack of PD-1 trafficking to the IS, and the reduced polarization of 

cytotoxic granules, are likely direct consequences of altered actin dynamics secondary to 

EFHD2 depletion.

The role of EFHD2 in innate and adaptive immune responses was previously studied. 

However, it was not clear what was the net effect of EFHD2 in different immune cells, in 

terms of activation or suppression of their function. Kwon et al., reported that EFHD2 

enhanced SDF-1-mediated T cell spreading (28), and Kroczek et al., showed that murine 

EFHD2 was a positive regulator of Syk activity in response to B cell receptor (BCR) 

stimulation in the murine cell line WEHI231(38). While these studies imply for a pro-

inflammatory role for EFHD2, it was also found to block the expression of the anti-apoptotic 

NF-κB target gene BCL-XL (39). It has been proposed that EFHD2 binds calcium directly 

(33) and therefore participates in a negative feedback loop, preventing NF-κB signaling as a 

result of BCR activation (36). Others have shown opposing results, where EFHD2 

augmented up-regulation of NF-κB target genes in PMA / ionomycin stimulated HMC-1 

cells (40). Additional discrepancy is demonstrated by experimental data using the EFHD2 

null mice. These mice elicit enhanced Th2 cell-mediated IgE and IgM production as well as 
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enhanced germinal center formation in response to infection with the helminth 

Nippostrongylus brasiliensis as compared to WT mice, suggesting that EFHD2 acts as a 

negative regulator of type 2 immunity (26). However, LPS-induced sepsis resulted in higher 

mortality, severe organ dysfunction, restrained macrophage recruitment in affected organs, 

and attenuated inflammatory cytokine production in EFHD2 null mice compared to the WT 

littermates, implying for a proinflammatory role of EFHD2. This was attributed to impaired 

bactericidal capacity and decreased HLA-DR expression in EFHD2 null macrophages, 

secondary to EFHD2 regulation of IFN-γ receptors (41). Thus, EFHD2 pleotropic effect in 

the innate and adaptive immune response requires further study.

To summarize, our findings show that EFHD2 is necessary for both anti-inflammatory and 

pro-inflammatory functions of T cells. This is due to its generalized role in regulating both 

PD-1 signaling and trafficking but also in mediating adhesion, cytotoxic granules 

polarization and T cell mediated cytotoxicity. The net effect in vivo, at least in the MC38 

tumor model, points towards a pro-inflammatory role for EFHD2, as tumor growth rate in 

EFHD2 deficient mice was enhanced, supporting data from the LPS-induced sepsis 

experiments (41). It is important to note that both the MC38 model and the LPS-induced 

sepsis model are Th1 directed models (unlike the helminth infection model, which is a Th2 

immune response). Thus, EFHD2 may have different functions depending on the stimulus 

and the course of the immune response, and targeting EFHD2 in Th1-driven autoimmune 

disorders may have therapeutic benefit.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Multiple immunological synapse-related proteins interact with the tail of PD-1.
(A) Venn diagram showing the numbers of proteins that interact with GST or with GST-

PD-1. (B) Functional pathways enrichment analysis of the proteins that interact specifically 

with GST-PD-1 and are related to the IS. The top nine significantly enriched functional 

clusters (Y-axis) are displayed over the corresponding -Log10p-value (X-axis). The p-value 

represents the probability of discovering at least x number of genes (x = number in brackets) 

out of the total number of the genes in the list (n=19, Table 1) annotated to a particular 

functional cluster given the proportion of genes in the whole genome that are annotated to 

that functional cluster.
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Figure 2. EFHD2 is required for PD-1 inhibitory functions.
(A) Jurkat T cells were transiently transfected with GFP-PD-1 or GFP alone, whole-cell 

lysates (WCL) were incubated with anti-GFP antibody and immunoprecipitated proteins 

were detected by immunoblotting, as indicated. A eepresentative blot of three independent 

experiments is shown. (B-D) Freshly isolated human CD3 T cells were transfected with non-

targeting control siRNA (Scrambled) or with siRNA targeting EFHD2 or with EFHD2 

expression plasmids, as indicated. 24 hours later, cells were stimulated with magnetic beads 

coated with anti-CD3 or anti-CD3+PDL2 or anti-CD3+PDL1 or anti-CD3+CD28 or anti-

CD3+CD28+PDL1, as indicated. After additional 24 hours media was harvested, and IL-2 

or IFN-γ levels were measured by ELISA. EFHD2 OE stands for EFHD2 Over Expression, 

which was rescued by expressing EFHD2 lacking the 3-UTR. (E) Jurkat T cells, stably 

transfected with shRNA targeting EFHD2 or a control non-targeting shRNA (Scrambled) 

were stimulated as indicated and subjected to static adhesion assay to fibronectin-coated 

wells. (F) Freshly isolated mouse T cells from wild type (WT) mice or EFHD2 knockout 

(EFHD2−/−) mice were stimulated with magnetic beads coated with anti-CD3 or anti-

CD3+PDL2 for 48 hours. IL-2 levels in the media were measured by ELISA. (G) Freshly 

isolated mouse T cells from WT mice or EFHD2 knockout mice were stimulated with 

magnetic beads, as indicated, and cell proliferation was monitored using the MTS assay. 

Values are expressed as increase in OD compared with day 0. All the experiments were done 
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at least three times (n≥3), * p<0.05, ** p<0.001, *** p<0.0001, NS (not significant), 

unpaired student t-test.
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Figure 3. EFHD2 co-localizes with PD-1 in the immunological synapse.
(A) Jurkat T cells were transfected with the indicated expression plasmids and imaged by 

confocal microscopy. Images are representative of at least 50 cells from each of three 

independent experiments. The percentage of the dominant phenotype for each condition is 

shown. Bars are 10 μm. (B) Jurkat T cells were transfected with the indicated expression 

vectors prior to co-culturing with Raji B cells that either express or not the ligand PDL1 and 

loaded with SEE. Images are representative of at least 50 cells from each of three 

independent experiments. The percentage of the dominant phenotype for each condition is 

shown. Bars are 10 μm. Line analysis shows fluorescent intensities of EFHD2 along the 

diameter of the cell. (C) Freshly isolated human T cells were transfected with non-targeting 

siRNA (siControl) or siRNA targeting EFHD2 (siEFHD2) and with GFP-PD-1 expression 

plasmid, followed by co-culturing with Raji B cells expressing PDL1 and loaded with SEE. 

Cells were subjected to real-time imaging by confocal microscopy. Images are representative 

of at least 50 cells from each of three independent experiments. The percentage of the 

dominant phenotype for each condition is shown. Bars 10 μm. Line analysis shows 

fluorescent intensities of GFP-PD-1 along the diameter of the cell. (D) Percentage of 

transient and stable conjugates. Mean of five independent experiments is shown. (E) Freshly 

isolated human T cells were transfected with Cherry LifeAct and with non-targeting siRNA 

(siControl) or siRNA targeting EFHD2 (siEFHD2), followed by co-culturing with Raji B 
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cells expressing PDL1 and loaded with SEE. Images are representative of at least 50 cells 

from each of four independent experiments. Arrows indicate actin accumulation. The 

percentage of the dominant phenotype for each condition is shown. Bars 10 μm.
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Figure 4. EFHD2 is necessary for anti-tumor immune response in vivo.
MC38 cells were inoculated into EFHD2 deficient male mice (A) or female mice (B) and 

into wild type (WT) littermates. After tumor inoculation (day 0), tumor volume was 

measured as described in the method section. Results are expressed as mean ± SEM; n=4 per 

group. (C) Immune histochemical staining in two representative tumor sections. 

Magnification ×20. (D-F) Single-cell suspensions from tumor tissues and spleens were 

analyzed by fluorescence-activated cell sorter. Results are shown as percentage of indicated 

subset in particular immune cell population. (D) Percentage of CD45/CD3 positive cells of 
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total tumor cells. (E) Expression of CD44 and PD-1 on splenocytes and tumor-infiltrating 

CD8 and CD4 cells from MC38 tumor-bearing mice. Bar graphs representing percentages of 

the CD44/PD-1 expressing populations is shown at the bottom. (F) Flow cytometric analysis 

depicting percentages of FOXP3 positive cells on tumor-infiltrating CD4 T cells from MC38 

tumor-bearing mice. Bar graphs representing percentages of the CD4/FOXP3 expressing 

population is shown on the right. All the experiments were done at least three times (n≥3), * 

p<0.05, ** p<0.001.
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Figure 5. EFHD2 is required for T cell induced cytotoxicity.
(A) WT control and EFHD2−/− CD8 T cells were used as effector cells toward SEE-loaded 

Raji target cells in 4 hours cytotoxicity LDH release assay. (B) A representative images of 

the localization of lytic granules in CD8 T cells from WT and EFHD2−/− mice following co-

culturing with Raji target cells. Arrows indicated granule localization. Bars 10 μm. (C) 

Distance of granules from the contact area between the cells within 5 minutes of synapse 

formation. 50–70 individual granules were counted from multiple cells acquired through 

three independent experiments. Data represent the mean ± SEM. * p<0.05. (D) CD8 T cell 

from either WT or EFHD2−/− were co-cultured with SEE loaded Raji target cells and levels 

of released Granzyme B was measure by ELISA. (n=3), * p<0.05.
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Table 1.

Immune, cytoskeleton and synapse related interactions of the PD-1 tail.

Gene UniProt ID Peptide spectrum match

PFN1 P07737 20

PTPN11 Q06124 17

GRB2 P62993 15

MYO5A Q9Y4I1 13

TLN1 Q9Y490 11

EFHD2 Q96C19 7

PDIA3 P30101 7

VAV1 P15498 5

ATP2A2 P16615 5

ANXA1 P04083 5

RPL22 P3528 5

EVL Q9UI08 4

CAPN1 P07384 4

DOCK2 Q92608 4

PSMC4 P43686 3

ELMO1 Q92556 2

ITK Q08881 2

RAF1 P04049 2

DYNLL1  P63167 2
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