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Abstract

Adaptive and innate immunity utilize the perforin-killing pathway to eliminate virus-infected or 

cancer cells. Cytotoxic T-lymphocytes (CTLs) and Natural Killer cells mediate this process by 

releasing toxic proteins at the contact area with target cells known as immunological synapse (IS). 

Formation of a stable IS and exocytosis of toxic proteins requires persistent fusion of Rab11a 

recycling endosomes with the plasma membrane (PM) that may assure the delivery of key effector 

proteins. Despite the importance of the recycling endosomal compartment, the membrane fusion 

proteins that control this process at the IS remain elusive. Here, by performing knockdown 

experiments we found that STX4 is necessary for cytotoxic activity and CD107a degranulation 

against target cells in a similar fashion to STX11, which is involved in lytic granule exocytosis and 

immunodeficiency when it is mutated. Using TIRF microscopy we identified that STX4 mediates 

fusion of EGFP-Rab11a vesicles at the IS. Immunoprecipitation experiments in lysates of 

activated CTLs indicate that endogenous STX4 may drive this fusion step by interacting with 

cognate proteins: Munc18-3/SNAP23/VAMP7 and/or VAMP8. These results reveal the role of 

STX4 in mediating fusion of Rab11a endosomes upstream of lytic granules exocytosis and further 

demonstrates the importance of this pathway in controlling CTL-mediated cytotoxicity.
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INTRODUCTION

Cytotoxic T-lymphocytes (CTL) and Natural Killer (NK) cells play pivotal roles in host 

defense against viral infections and tumors1,2. They are responsible for killing target cells 

through the polarized exocytosis of cytolytic proteins such as perforin and granzymes that 

are contained in specialized lysosome-related organelles known as lytic granules (LGs). 

Recognition of foreign antigens on target cells through the T-cell receptor triggers signaling 

pathways that mediate the formation of a tight and well-defined structure at the interface of 

the two cells known as immunological synapse (IS) 3–5. Persistent signaling at the IS 

induces the maturation and polarization of LGs toward the IS where they finally fuse and 

release they cytolytic content 6. Previous studies have shown that continual fusion of 

endosomal compartments with the plasma membrane is required to sustain signaling 7–9 and 

to focus LG exocytosis at the IS 10,11. However, the membrane trafficking machinery that 

controls these series of events are still poorly defined.

Several soluble-N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) 

have been associated to the cytotoxic pathway of CTL and NK cells 6,12. Studies in patients 

with defective cytotoxic activity have identified that the atypical lipid-anchored Syntaxin-11 

(STX11) and its interacting Syntaxin Binding Protein 2 (STXBP2, also known as 
Munc18-2) are required for LG granule exocytosis 13–15. Subjects harboring germline-

mutations in these genes manifest with Familial Hemophagocytic Lymphohisticytosis (F-

HLH-4 and F-HLH-5, respectively), a life-threatening primary immunodeficiency that 

results in hyper-inflammation due to an inability of the immune system to clear out viral 

infections or tumor cells 16. Current evidences suggest that STX11 and Munc18-2 physically 

interact in multiple ways to drive the final fusion of the LG at the IS 17–20. On the other 

hand, recent studies propose that VAMP8-mediated fusion of Rab11a-positive recycling 

endosomes (Rab11a-RE) at the immunological synapse is essential for CTL killing 

activity 10. These and other studies suggest that this process might be necessary for 

delivering key components to the plasma membrane, such as STX11 10 and signaling 
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molecules 9 that are involved in the cytotoxic immune response. Despite the importance of 

this membrane trafficking process, the precise SNAREs responsible for mediating fusion of 

Rab11a-RE at the plasma membrane are still elusive.

In this paper, we found that Syntaxin 4 (STX4) is required for cytotoxic activity of human 

CTLs. Although, previous studies have shown that STX4 is involved in GLUT4 transport 

and glucose homeostasis 21,22 as well as antibody secretion 23,24, here, we describe a novel 

role of STX4 in meditating membrane fusion in the secretory pathway of CTLs. We found 

that treatment with small interference RNAs (siRNAs) against STX4 inhibits CTL-mediated 

cytotoxic activity due to a reduction of LG granule fusion upon stimulation. Super-resolution 

microscopy imaging in fixed CTLs found that STX4 mainly localizes at the PM, as it was 

previously observed in other cell types 25, and partially co-localizes with anti-CD3 staining. 

Live cell microscopy analysis shows that STX4 is necessary for the fusion of Rab11a-RE at 

the IS. Additionally, co-immunoprecipitation (coIP) experiments of endogenous STX4 from 

human CTLs show that STX4 mainly interacts with the SM protein Munc18-3, and the 

SNARE proteins SNAP-23 along with either VAMP7 or VAMP8. Taken together our results 

indicate that STX4 is necessary for CTL-mediated cytotoxicity and suggest that the STX4/

SNAP23/VAMP7 or VAMP8 SNARE complexes together with Munc18-3 are most likely 

responsible for the fusion or Rab11a-REs at the plasma membrane. Our data, together with 

previous studies, demonstrate that fusion or Rab11a-REs at the plasma membrane is an early 

event during the cell-killing process. Defects in this pathway may hamper downstream 

processes such as the cell surface delivery of critical effectors that control the cytolytic 

activity of CTLs and NK cells against target cells.

RESULTS

STX4 knockdown reduces cytotoxic activity of human CTLs

CTLs express several syntaxins that belong to the plasma membrane Qa-SNAREs sub-group 

- STX3, STX4 and STX11 19. Previous studies have shown that STX11 15,18,20,26–28, but not 

STX3 20 is required for CTL-mediated cytotoxicity. However, it has not been investigated 

yet whether STX4 is also implicated in this pathway. To test the role of STX4 in CTL-

mediated cytotoxic, we silenced its expression in human CTLs using siRNAs and compared 

their killing activity with control CTLs treated with either non-targeting (NT), STX11 or 

STX3 siRNAs. Western blot analysis of whole-cell lysates of siRNA-treated cells showed 

that the expression level of STX4, STX11 and STX3 was reduced by approximately 70% in 

the corresponding knockdown cells, compared to NT-siRNA treated cells (Figure 1A and 

1B). To test the specificity of the siRNA treatments, we also evaluated the expression of 

other syntaxins or Munc18 proteins that are necessary for secretion of cytotoxic granules 15, 

including Munc18-2 and Munc18-3. We did not observe a significant reduction in the 

expression of STX11, STX3, Munc18-2 and Munc18-3 in cells treated with different STX4 

siRNAs (si-STX4-1 and si-STX4-2; Figure 1A and 1B). Similarly, STX3 and STX11-siRNA 

treatment did not affect the expression of other tested relevant proteins. (Figure 1A and 1B). 

We then tested the cytotoxic activity of these siRNA-treated cells by using a population-

based re-directed cell-killing assay against anti-CD3-coated P815 target cells. Percentage of 

target cell lysis was measured as amount of lactate dehydrogenase (LDH) enzyme released 
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to the medium as described previously 17. STX4 siRNA-treated cells exhibited over 60% 

reduction in target cell-killing activity compared to those treated with NT-siRNAs (Figure 

1C). The reduction in cytotoxic activity of STX4 knockdown cells was comparable to the 

STX11 siRNA-treated cells, which were previously shown to have reduced killing activity 

due to impairment in lytic granule exocytosis 15,18,20,28 (Figure 1C). On the contrary, STX3 

siRNA treated cells, which also exhibited almost a 70% reduction in protein expression 

levels (Figure 1D), showed a slight increase in cytotoxic activity compared with NT-siRNA 

treated cells (Figure 1C). Interestingly, knockdown of STX4 and STX11 at the same time 

did not have an additive effect on the cytotoxic activity. Moreover, simultaneous knockdown 

of STX4/STX11/STX3 did not further decrease the cytolytic activity. Taken together our 

results reveal that STX4, similar to STX11, is required for CTL-mediated cytotoxicity and 

suggest that STX4 might operate at a different step in this process.

STX4 knockdown inhibits degranulation of human CTLs

We next tested whether the reduced cytotoxic activity of cells treated with si-STX4-1 was 

due to an inability of LGs to fuse at the plasma membrane. To validate this, we used a flow 

cytometry-based “degranulation” assay that analyzes the mobilization of CD107a (a.k.a. 

LAMP1) from the lytic granules to the cell surface upon conjugation with anti-CD3 coated 

P815 target cells at 1:1 ratio 29. Data showed that in contrast to NT and STX3 siRNA-treated 

cells, degranulation of STX4-1 and STX11 siRNA-treated cells was significantly reduced at 

the level of both percent of responding cells and induced surface CD107a expression on 

positive cells (Figure 2A–C). Similar degranulation defects were observed in CTLs treated 

with a different STX4 siRNA (si-STX4-2). Consistent with the killing assays, knockdown of 

STX4 and STX11 at the same time did not further decrease the degranulation activity. To 

evaluate the specificity of the degranulation defects in STX4 knockdown cells, we 

performed rescue experiments in which STX4 or NT siRNA-treated cells were transfected 

with either siRNA-resistant EYFP-STX4 or EYFP-STX3 constructs. Transfected cells were 

incubated in the absence or presence of target cells at 1:1 ratio. EYFP positive cells were 

analyzed for cell surface appearance of CD107a. Results showed that expression of EYFP-

STX4, but not EYFP-STX3, was able to restore degranulation in STX4 knockdown cells 

(Figure 2D, F). In contrast, transfection of EYFP-STX4 or EYFP-STX3 in NT siRNA-

treated cells did not significantly affect the degranulation activity (Figure 2E, F). Taken 

together, our data suggests that reduced expression of STX4 in primary human CTLs 

inhibits exocytosis of CD107a-containing granules and therefore their cytotoxic activity. 

Given that the functional phenotype of STX4-depleted cells resembles those of STX11-

depleted cells, it reveals that both STX4 and STX11 are required for the cytotoxic activity of 

CTLs, although they might act at different steps during the exocytosis of lytic granules.

STX4 localizes at the plasma membrane of human CTLs

To better understand where STX4 works during the killing process we analyzed the 

subcellular localization of endogenous STX4 in both unconjugated and conjugated human 

CTL by using super-resolution STED microscopy. Images show that STX4 staining mainly 

gives a plasma membrane distribution pattern, which resembles and partially colocalizes 

with anti-CD3 staining, in both unconjugated and conjugated cells (Figure 3A). We also 

observed a small fraction of STX4 within intracellular vesicles that did not significantly 
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colocalize with anti-Vamp8, Rab11a or Perforin-containing vesicles as noted by the low 

Pearson’s Colocalization Coefficient (PCC; Figure 3A–B). To examine the possibility 

whether STX4 knockdown reduces killing activity by affecting the size of the pool of LGs 

we quantified the number of perforin-containing granules in unconjugated CTLs. Results 

show no significant difference in the number of perforin-containing granules between STX4 

and NT siRNA treated cells. These results indicate that STX4 is not involved in lytic granule 

biogenesis but rather argue for a role of STX4 in membrane fusion at the plasma membrane 

as it was described in other cell types 30–33.

STX4 is required for fusion of Rab11a compartments at the IS

We next sought to determine how reduced expression of STX4 compromises LG exocytosis 

at the IS. Previous studies support a model in which STX11 is responsible for the final 

fusion of the LGs at the IS. The failure of STX4 and STX11 to functionally compensate for 

each other suggests that STX4 functions at distinct steps, most likely upstream of STX11. 

Recent studies show that fusion of Rab11a-containing endosomes with the plasma 

membrane precedes LG fusion and is required for CTL-mediated cytotoxicity 10. We, thus 

analyzed whether the reduced expression of STX4 in human CTLs affects the fusion of 

Rab11a-containing endosomes at the IS via Total Internal Reflection Fluorescent (TIRF) 

microscopy. To this end, we treated CTLs with either STX4, STX11 or NT siRNAs for 48 h, 

transiently transfected them with EGFP-Rab11a and measured fusion of EGFP-Rab11a-

containing vesicles at the IS. A suspension of transfected cells was deposited onto cover 

glasses coated with anti-CD3, anti-CD28 and ICAM-1 to stimulate granule release. Upon 

contact of CTLs with the cover glass surface, the cells spread and formed a classical IS. 

During this time, we imaged cells by TIRF microscopy and registered the number of fusion 

events of EGFP-Rab11a vesicles at the plasma membrane by TIRF microscopy. A vesicle 

fusion event is observed by the appearance of a GFP-labeled vesicle within the TIRF plane 

that increases in fluorescence intensity while approaching the PM followed by a rapid radial 

diffusion of the fluorescent signal in the plane of the PM. (Figure 4A arrowheads, vesicle 

fusion#1 and #2 and Supplementary Video 1). Quantification of the number of EGFP-

Rab11a vesicles fusing at the plasma membrane showed a severe reduction of fusion events 

in STX4 siRNA-treated CTLs compared with NT and STX11 siRNA-treated cells (Figure 

4B–D and Supplementary Video 2 and 3). However, analysis of the total number of EGFP-

Rab11a vesicles that appear within the TIRF plane showed no significant difference between 

STX4 and NT or STX11 siRNA-treated cells (Figure 4E). Since STX11 knockdown did not 

affect fusion of EGFP-Rab11a vesicles, it suggested that STX11 acts downstream of Rab11a 

vesicle fusion at the IS. Interestingly, most of the EGFP-Rab11a vesicles in STX4 siRNA-

treated CTLs seemed to persist within the TIRF plane for a longer period time with a 

constrained lateral movement (Figure 4B, arrows and vesicle docking #1 and #2). Analysis 

of individual vesicles lifetime -also known as dwell-time- revealed that indeed the Rab11a-

vesicle dwell-time is significantly increased in STX4 than STX11 or NT-siRNA treated cells 

(Figure 4F). Taken together, our results indicate that fusion, but not docking of Rab11a-

containing endosomes with the PM depends on STX4 activity.
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STX4 interacts with the SM protein Munc18-3 but not with Munc18-2

To identify the membrane fusion machinery that cooperates with STX4 we first tested 

whether SM proteins expressed in human CTLs - Munc18-2 or Munc18-3 19- interact with 

endogenous STX4. We performed a series of co-IP experiments to pull-down endogenous 

Munc18-2, Munc18-3 and Cathepsin S (as isotype antibody control) in lysates of primary 

human CTLs. In order to induce lytic granule exocytosis, and thus stimulate SNARE 

complex formation, CTLs were previously activated with beads coated with anti-CD3/anti-

CD28 antibodies and recombinant IL-2. Bound fractions were analyzed by western blot 

using antibodies against STX3, STX4 and STX11 (Figure 5A and B). Interestingly, we 

found that Munc18-3 co-immunoprecipitated (coIPed) with STX4 but not STX11 or STX3. 

Conversely, Munc18-2 mainly interacts with STX11 and STX3 as it was previously 

reported 13,14,17,19. We did not detect any specific association between Munc18-2 and STX4 

when compared with the control IP using Cathepsin-S antibodies (Figure 5A and B). Taken 

together, these results strongly indicate that STX4 and STX11 associate with different SM 

proteins to mediate distinct membrane fusion steps during cytotoxic immune response.

Endogenous STX4 mainly interacts with SNAP23 and VAMP7/8 in primary human CTLs

To further elucidate the cognate SNAREs that contribute with STX4 for mediating Rab11a-

RE fusion at the plasma membrane, we performed a series of co-IP experiments using anti-

STX4, STX3, and IgG isotype control in lysates of human CTLs previously activated with 

CD3/CD28-coated beads. Bound fractions were analyzed by Western blot using an array of 

antibodies against different SNAREs proteins (Figure 6A). Results showed that endogenous 

SNAP23, VAMP7 and VAMP8, but not VAMP4, preferentially coIPed with STX4 when 

compared with STX3 and IgG IPs (Figure 6B). No VAMP2 or SNAP25 could be detected in 

the bound fraction either because they are not expressed in human CTLs, or they are below 

the detection limit as we previously described 20. In summary, our results suggest that 

SNARE complexes consisting of STX4/SNAP23 and either VAMP7 or VAMP8 together 

with Munc18-3 might be responsible for driving Rab11a-RE fusion at the plasma for CTL-

mediated killing process.

DISCUSSION

Here, we demonstrate that STX4 is required for CTL-mediated cytotoxicity. We found that 

silencing STX4 expression in human CTLs reduces both degranulation of CD107a vesicles 

and their ability to kill target cells. Although these functional defects highly resemble those 

of the STX11-depleted cells from patients manifesting with F-HLH-4 15,28 and knockdown 

cells 18,20, we found that STX4 and STX11 mediate different membrane fusion events at the 

PM. While STX11 was proposed to mediate the final fusion of LGs 17,18,20,28,34,35, our data 

show that STX4 is necessary for fusion of Rab11a-RE at the IS prior of LG fusion. 

Additionally, we found that endogenous STX4 associates with a specific set of trafficking 

proteins consisting of Munc18-3/SNAP23 and either Vamp7 or Vamp8, most likely to drive 

these fusion events.

Fusion of Rab11a-RE at the immunological synapse is a critical step for normal CTL 

function 7,10,36. Previous studies show that Rab11a is involved in actin remodeling and T-
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cell activation 9. Specifically, Rab11a mediates recycling of receptors and effector proteins - 

such as Lck or components of the T-cell receptor- to sustain signaling and thus allow the 

formation of a stable immunological synapse 7,36. Additionally, it has been proposed that 

Rab11a recycling at the IS delivers STX11 to the PM 10,18, which is necessary for later 

fusion of LGs. Our results are consistent with these studies and further demonstrate that 

STX4 is necessary for Rab11a-RE fusion at the IS and therefore for mediating the cytotoxic 

immune response.

We found that endogenous STX4 localizes at the PM of human CTLs as it was previously 

described in other cell-types, e.g. pancreatic, adipose, epithelial, B-lymphocytes, mast cells 

and neurons 30–33,37. In these cell types, STX4 mediates fusion at the plasma membrane for 

insulin secretion in β-cells, glucose uptake in muscle and fat cells, antibodies secretion in 

plasma cells and recycling of AMPA receptors in neurons. Among the known cognate 

SNAREs and SM proteins that cooperate with STX4 to perform these functions are 

SNAP23/VAMP2 or VAMP3 and Munc18-3 30–33,38. Similarly, we found that endogenous 

STX4 also interacts with SNAP23 and Munc18-3, although our data shows that STX4 

associates to different vesicular SNAREs: VAMP7 and VAMP8. This is most likely because 

human CTLs do not express VAMP2 and have almost undetectable levels of VAMP3 20. 

Interestingly, these results are consistent with a recent report that shows that VAMP8 

mediates fusion Rab11a endosomes with the PM during CTL-mediated cytotoxicity 10.

In summary, our results demonstrate that STX4 is necessary for human CTL-mediated 

cytoxicity against target cells by controlling early fusion events of Rab11a-RE at the IS. Our 

data suggest that STX4 most likely mediates these fusion events by interacting with 

SNAP23/VAMP7 or -8 and Munc18-3. These results may provide an explanation to the CTL 

cytolytic defects observed in a cohort of patients carrying heterozygous mutations in the 

gene encoding Munc18-3 (unpublished results from Dr. Judith Kelsen, Scott Snapper and 

Giraudo Labs). Although further experiments are needed to investigate the correlation of 

these findings, they highlight the importance of STX4-mediated fusion of Rab11a-RE for 

cytotoxic T-lymphocytes.

MATERIALS AND METHODS

Antibodies

Mouse anti-human STX4, -CD3, -perforin and -Lamp1 were from BD Pharmingen (San 

Jose, CA). Rabbit anti-VAMP7 was from Novus Biologicals (Littleton, CO). Rabbit anti-

Syntaxin 11, VAMP4, VAMP8, STX3 and SNAP23 were from Synaptic System 

(Goettingen, Germany). Mouse anti STX11 (clone A4), Munc18-3, Munc18-2 and rabbit 

anti-MUNC13-4 from Santa Cruz Biotechnology (Dallas, TX). Secondary donkey anti-

rabbit-800, -mouse-680 or –goat-800 were from LiCor (Lincoln, NE), goat anti-rabbit-Alexa 

488 and goat anti-mouse-Alexa 546 from Invitrogen, Molecular Probes (Eugene, Oregon). 

CD107a-PE (clone H4A3), CD56-APC (clone NCAM16.2), CD8-FITC (clone SK1), CD3-

PerCP (clone SK7) were from BD Biosciences (San Jose, CA).
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Cells and Cell Lines

Written consent was obtained from healthy donors for primary CD8+ T cells using a 

protocol approved by the Institutional Review Board at The Children’s Hospital of 

Philadelphia. Samples were collected in EDTA tubes and processed within 24 hours of 

venipuncture. PBMC cells were obtained by density gradient centrifugation (Lymphoprep, 

Axis-Shield, Dundee, Scotland). CD8+ T cells were isolated from PBMC fraction using 

Dynabeads untouched Human CD8+ T cells kit from Invitrogen (ThermoFisher Scientific) 

and re-suspended in complete medium (RPMI 1640 supplemented with 10% (vol/vol) fetal 

bovine serum, L-glutamine, penicillin, and streptomycin; all from Invitrogen/Life 

Technologies, Grand Island, NY). CTLs were activated and expanded using Dynabeads 

(Human T-Expander CD3/CD28, Life Technologies) for 5 days in complete medium 

supplemented with 100 U/ml recombinant IL-2 (Proleukin-Novartis). After this time, beads 

were removed using a magnet and cells used for experiments. The murine P815 

mastocytoma cell line was from The American Type Culture Collection (ATCC, Manassas, 

VA), they were cultured in complete medium (DMEM supplemented with 10% (vol/vol) 

fetal bovine serum, penicillin, L-glutamine and streptomycin; all from Invitrogen/Life 

Technologies, Grand Island, NY).

Constructs and siRNA knock-down

EGFP-Rab11a was generated by PCR amplification of the human cDNAs and subcloning 

into pEGFP-C1 (Clontech, Mountain View CA). CD8+ T cells were transfected with the 

indicated plasmids using the Neon electroporator system (Thermofisher Scientific) following 

the manufacturer’s instructions. Small-interference RNA (siRNA) knockdown experiments 

were performed by incubating 1.0 × 107 human CTLs with 1.0 nmol of human siGenome 

siRNAs (GE-Dharmacon, Lafayette- CO) followed by electroporation using Gene Pulser-II 

system (BioRad, Hercules CA) following manufacture’s instructions. Non-Targeting (NT) 

siRNA consist of a pool of siRNAs catalog number D-001206-13-20 sequences: 5′-
uagcgacuaaacacaucaa-3′; 5′-uaaggcuaugaagagauac-3′; 5′-auguauuggccuguauuag-3′; 5′-
augaacgugaauugcucaa-3′. STX4-1 siRNA sequence 5′-cgacaggccuuaaaugaga-3′, catalog 

number D-016256-01. STX4-2 siRNA sequence 5′-ggacaauucggcagacuau-3′, catalog 

number D-016256-02. STX11 siRNA sequences 5′-ggaaggccgugcaguacga-3′, 5′-
agcacugaauaucgaacaa-3′, catalog number D-019469-01 and D-019469-17, respectively. 

STX3 siRNA sequence 5′-gaucauugacucaacagauu-3′, catalog number D-015401-03. Cells 

are cultured for 48 h in complete medium and then used for different experiments. For 

rescue experiments we have introduced five silent nucleotide mutations (SNMs) within the 

sequence of human STX4 construct in order to generate a siRNA resistant construct for 

siSTX4-1. Underlined are the SNMs introduced in the EYFP-STX4h construct 

(CGACAAGCGCTGAACGAGA).

Co-immunoprecipitation assays

Primary human CD8+ cells previously activated with anti-CD3, anti-CD28 coated beads and 

recombinant IL-2 for 4 days were lysed (25 mM Tris, 150 mM NaCl, 1 mM EDTA, 5% (vol/

vol) glycerol, 1% (vol/vol) NP-40; pH 7.4) and centrifuged at 14,000 rpm for 15 min. Co-

immunoprecipitation (coIP) experiments were carried out using a co-IP kit from Pierce 
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(Thermo Scientific). Briefly, after lysis and centrifugation, supernatants were collected and 

incubated with agarose beads coupled with the corresponding antibody for 20 hours at 4°C. 

Complexes bound to the beads were pelleted by centrifugation, followed by 5 washes with 

cold lysis buffer. Proteins bound to the antibodies were eluted and examined by Western 

blotting.

Image acquisition

CD3/CD28-activated CTLs were mixed with anti-CD3-coated P815 target cells at a 1:1 

ratio, pelleted by centrifugation and incubated for 15 min to generate conjugates. Cells were 

then seeded in 24-well plates containing poly-lysine coated glass cover slips for 10 min at 

37°C. Cells were fixed for 10 min with PBS containing 4% (vol/vol) paraformaldehyde. 

Cells were permeabilized with 0.1% (vol/vol) Triton X-100 in PBS buffer and then blocked 

with 3% (vol/vol) bovine serum albumin (BSA) in PBS for 30 min at room temperature. 

Immunostaining was performed using the indicated primary antibodies with secondary 

Atto-425 goat anti-mouse and Dylight-488 goat anti-rabbit antibodies. Cover slips were 

extensively washed with PBS and mounted with Prolong Gold anti-fade reagent 

(Thermofisher Scientific). Images were collected using a Leica SP5-STED-CW microscope 

(Leica Microsystems, Buffalo Grove IL). Images were analyzed using FIJI software and 

processed with Adobe Photoshop software.

Cytotoxicity assays

Cytotoxicity was evaluated using a non-radioactive assay (Cytotox-96, Promega, Madison, 

WI). To evaluate CTL killing, expanded CD8+ T cells were supplemented with 10 ug/ml 

anti-CD3 mAb for 15 min, washed, mixed with 2 × 104 target P815 cells and incubated in 

quadruplicate for 4 hours at 37°C. Effector-to-target cell ratios ranged from 10 to 0.65 in 100 

uL medium in 96-well V-bottom plates. After 4 hours, plates were centrifuged at 250× g for 

4 min and 50 uL of supernatant were transferred to a new flat bottom 96 well plate. Fifty uL 

of substrate were added to each well, followed by incubation for 30 min at room 

temperature. The reaction was stopped using 50 uL of stop solution/well. Lactate 

dehydrogenase (LDH) release was measured at 490 nm using a 96 well spectrophotometer 

(SpectraMax, Molecular Devices, Sunnyvale, CA). Percent cytotoxicity was calculated as: 

Cytotoxicity (%) = (Experiment - Effector Spontaneous - Target Spontaneous/Target 

Maximum - Target Spontaneous) × 100.

Degranulation assay

Degranulation of CD8+ T cells was measured by incubating cells in the presence or absence 

of target P815 cells and anti-CD3 antibody at a 1:1 ratio for 4 h at 37°C as previously 

described 17,39,40. Cells were labeled using anti-CD107a-PE, CD56-APC, CD8-FITC and 

CD3-PerCP. CD3+CD8+CD56− cells were gated and assessed for surface expression of 

CD107a. Data were acquired using an Accuri-C6 flow cytometer (BD)

TIRF Microscopy

Approximately 3.0 × 104 CTLs cells transfected with the indicated plasmids were 

resuspended in imaging medium RPMI–HEPES without phenol red (Thermofisher 
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Scientific, Waltham MA) and deposited onto a 8-well chambered coverglass (Lab-Tek II, 

Nunc) coated with 5ug/ml anti-CD3 (clone OKT3, BD) and anti-CD28 (BD) antibodies and 

10ug/ml recombinant human ICAM-1/CD54-Fc-chimera (R&D Systems, Minneapolis MN). 

Cells are imaged at 10–20 frames/sec rate using a Leica DMi8 microscope equipped with 

ring-TIRF iLas-2 system, a dualCam with two Hamamatsu EM-CCD cameras and an 

environmental control system set to 5 % CO2 and 37°C. Fluorophores were excited with 

solid state 488 nm and 561nm lasers, TIRF angle was set to 90 nm depth. Images were 

analyzed and processed using FIJI software 41. Quantification of the Rab11a vesicles dwell-

time was performed using the TracMate function of FIJI software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. STX4 knockdown affects killing activity of normal control CTLs
(A) Human CTLs were electroporated with two different STX4 siRNAs (STX4-1, STX4-2) 

or with either non-targeting (NT), STX11 or STX3 siRNAs or a combination of them STX4/

STX11, STX4/STX11/STX3 and cultured for 48 h. Cell lysates were analyzed by W.B. for 

the indicated proteins. (B) Quantification of knockdown efficiency in W.B. shown in A. 

Blots are representative of four independent experiments. (C) Cytotoxicity assay to measure 

CTL-mediated cell killing. Equivalent numbers of CTLs (effectors) from each condition 

were incubated with anti-CD3 antibody in the presence or absence of P815 target cells 

(targets) at the indicated cell ratios. The killing assay was run for 4 h at 37°C and the amount 

of LDH released into the supernatant was quantified using a Cytotox-96 assay. Data are the 

mean ± SEM of four independent experiments run in quadruplicates. ** p<0.01; ***p<0.001
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Figure 2. STX4 knockdown affects CD107a degranulation activity of normal control CTLs
(A) Human CTLs treated with siRNAs against either STX4-1, STX4-2, STX11, STX3, NT, 

or with both STX4 and STX11 used in Figure 1, were assessed for CD107a degranulation 

upon activation with target cells using Effector/Target cell ratio 1/1. Briefly, siRNA-treated 

CTLs were incubated for 4 h at 37°C in the presence or absence of P815 cells previously 

treated with anti-CD3 antibody. Cells were stained using anti-CD107a-PE, anti-CD56-APC, 

anti-CD8-FITC and anti-CD3-PerCP antibodies and analyzed by flow cytometry. 

CD3+CD8+CD56− cells were gated and analyzed for the appearance of CD107a on the 

surface upon incubation with target cells. Plots are representative of 4 independent 
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experiments. (B) Graphs showing the percentage of cells that increased CD107a staining 

upon stimulation. (C) Mean fluorescence intensity (MFI) values in the CD107a-PE channel 

of unstimulated (Unstim) versus stimulated (Stim) cells. Results are the mean ± SD of four 

independent measurements. ** p<0.01. (D) Expression of a siRNA resistant EYFP-STX4 

construct, but not of EYFP-STX3, restored CD107a degranulation in STX4 knockdown 

CTLs. Plots are representative of two independent experiments. (E) Expression of either a 

siRNA resistant EYFP-STX4 or EYFP-STX3 do not further increased CD107a 

degranulation in control CTLs treated with NT siRNAs. Plots are representative of two 

independent experiments. (F) Graphs showing the percentage of cells that increased CD107a 

staining upon stimulation in rescue experiments shown in D and E. Results are the mean ± 

SD of two independent measurements. ** p<0.01.
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Figure 3. STX4 localizes at the PM of human CTLs
(A) STX4 partially colocalizes with CD3 at the PM. CTLs from normal control individuals 

were incubated for 20 min in the absence (unconjugated) or presence (conjugated) of anti-

CD3 and P815 cells at a 1:1 ratio for 15 min at 37°C and seeded onto poly-lysine coated 

coverslips. Cells were fixed, permeabilized and stained using anti-STX4, anti-Vamp8 and 

followed by anti-CD3-Alexa 647 staining. Arrows show areas of colocalization between 

STX4 and CD3. Inserts display a zoomed in view of the selected area. Pearson’s 

colocalization coefficient (PCC) was determined for STX4/VAMP8 and STX4/CD3. Data 

are mean ± SD; n=15 cells. Bar equals 5 μm in unconjugated cells and 3 μm in conjugated 

cells. (B) STX4 does not co-localize with Perforin or Rab11a. CTLs from normal control 

individuals were immune stained as explained in A, but using anti-STX4, anti- Rab11a and 

followed by anti-Perforin-Alexa 647 staining. Arrowheads show areas where STX4 is at IS 

and RAB11A and perforin containing vesicles make close contact. Inserts display a zoomed 

Spessott et al. Page 16

Traffic. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in view of the selected area. Pearson’s co-localization coefficient (PCC) was determined for 

STX4/Rab11a and STX4/Perforin. Data are mean ± SD; n=15 cells. Bar equals 5 μm in 

unconjugated cells and 3 μm in conjugated cells. (C) STX4 knockdown does not affect the 

number of perforin-containing granules. Normal control CTLs treated with either STX4-1 or 

NT siRNAs were subjected to immunofluorescence using anti-perforin antibody. Arrows 

point to perforin granules. D) Quantification of the perforin containing granules per cell does 

not show any statistical significant difference between STX4-1 and NT siRNA-treated cells. 

Data are the mean ± SEM; n=35 cells.

Spessott et al. Page 17

Traffic. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. STX4 mediates fusion of EGFP-Rab11a vesicles at IS
Human CTLs treated with either NT, STX4-1 or STX11 siRNAs were transfected with a 

EGFP-Rab11a construct, incubated for 24 h and deposit onto poly-lysine treated coverslips 

coated with activation molecules anti-CD3 and anti-CD28 antibodies and ICAM1 for live 

cell TRIF imaging. Upon contacting the surface, CTLs spread and form a classical 

immunological synapse. During this time we imaged cells by TIRF microscopy at about 14 

frame per second interval and the number of fusion events of EGFP-Rab11a vesicles at the 

plasma membrane were registered. Images show representative cells with the sequence of 

events in NT siRNA treated cells (A), STX4 (B) or STX11 siRNA-treated cells (C). 
Arrowheads point to vesicles that arrived to the TIRF plane producing an increase in 

fluorescent intensity and subsequently fuse with the plasma membrane exhibiting a lateral 
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diffusion of the GFP-construct on the plasma membrane within a few frames. Two 

representative fusion events are shown in A and C - vesicle fusion #1 and #2. Relative time 

of the movie is shown on the upper right corner in seconds. Arrows point to vesicles that 

arrived to the evanescent TIRF plane and remain there without fusing with the plasma 

membrane. Two representative events are shown in B -vesicle docking #1 and #2. (D) Plot 

showing the quantification of number of EGFP-Rab11a fusion events at the plasma 

membrane per cell. Data are mean ± SEM. n=10 cells. (E) Plot showing the quantification of 

the total number of EGFP-Rab11a that entered within the TIRF plane per cell during 3 min 

of imaging. Data are mean ± SEM. n=10 cells. F) Plot showing the quantification of the time 

that each EGFP-Rab11a vesicles persisted within the TIRF plane, i.e. dwell-time. Data are 

mean ± SEM. n = 250 vesicles from 4 different cells. ** p<0.01.
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Figure 5. STX4 associates with Munc18-3 but not with Munc18-2 in human CTLs
(A) Co-immunoprecipitation experiments of the SM proteins: Munc18-2 and Munc18-3 

using lysates generated from healthy control CTLs activated with anti-CD3/anti-CD28 

coated beads. Endogenous Munc18-2 or Munc18-3 were immunoprecipitated using goat 

anti–Munc18-2, anti-Munc18-3 or anti-Cathepsin-S (Cath. S, as isotype control) antibodies 

and the amount of different CTL relevant Syntaxins; STX3, STX4 and STX11 that co-

immunoprecipitated was analyzed by Western blotting. (B) Bands in the Western blot that 

corresponded to the fraction of STXs that co-precipitated with either Munc18-2, Munc18-3 

or Cath. S were quantified by densitometry and normalized to the total amount of each 
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protein present on the cell lysate used for the IPs. Results are representative of three 

independent experiments.
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Figure 6. STX4 associates with SNAP23 and either VAMP7 or VAMP8 in human CTLs
(A) Co-immunoprecipitation experiments using rabbit anti–STX3, anti-STX4, or IgG 

isotype control antibodies were performed in lysates generated from healthy control CTLs 

activated with anti-CD3/anti-CD28 coated beads. The amount of different CTL relevant 

endogenous SNAREs: STX3, -4, -11, VAMP4, -7, -8 and SNAP23 that co-

immunoprecipitated was analyzed by Western blotting. (B) Bands in the Western blot that 

corresponded to the fraction of SNAREs that co-precipitated with either STX3, STX4 or IgG 

control were quantified by densitometry and normalized to the total amount of each protein 

present on the cell lysate used for the IPs. Results are representative of three independent 

experiments.
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