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Editorial on the Research Topic 


Mechanisms of lymphocyte mediated cytotoxicity in health and disease


Cytotoxic T cells (CTLs) and natural killer (NK) cells are our strongest weapon to fight viral infections and cancer, as strikingly documented by immunoregulatory disorders associated with CTL or NK cell deficiency or dysfunction. Not surprisingly, these cells are exploited for innovative immunotherapeutic strategies, including chimeric antigen receptor (CAR) T cell-based therapy. Since the initial discovery of lytic granules (LG), the killing arsenal of cytotoxic cells has expanded to include the Fas/FasL axis and, more recently, the supramolecular attack particles (SMAP), a new killing entity consisting of a lytic core surrounded by a glycoprotein shell. How these three types of weapons, and others, cooperate in space and time to kill virally infected and cancer cells is still an open question. Understanding this will provide key elements to help design highly controlled and personalized cytotoxic lymphocyte-based therapies.

Not surprisingly, viral pathogens and cancer cells have evolved counterattack strategies to disable cytotoxic cells. Elucidating these strategies, that are based on targeting the vulnerable elements of the pathway(s) of cytotoxic cell-mediated killing, is expected not only to further our understanding of the underlying mechanisms, but also to develop our own countermeasures.

In this Research Topic we present reviews, original research, methods and a case report. The collection of review articles covers recent advances on the killing mechanisms of CTLs, NK cells and also less conventional cytotoxic lymphocytes, on the strategies of resistance and counterattack of cancer cells, and on how this knowledge is being translated to the design of improved or novel immunotherapeutic strategies to enhance anti-tumor immunity. We also present two original research articles that provide new insights into the interplay of cytotoxic lymphocytes with tumor cells, two methods articles that overcome current limitations to the study of the killing machinery, and a case report of an unusual clinical presentation.

Three articles focus on CD8+ cytotoxic T cells. Two complementary reviews present an overview of the biogenesis and exocytosis of the lysosome-related organelles where the different weapons of the CTL killing arsenal are stored. Cassioli and Baldari review the pathways that regulate the biogenesis of the three known classes of lysosome-related organelles in CTLs and their complementary roles in the efficient and serial killing of target cells. Chang et al. describe the complex process of LG exocytosis, underscoring the similarities of this process at the immunological synapse formed by CTLs with their cellular targets and at neurological synapses, discussing how these similarities can be exploited to unravel the molecular mechanism of LG fusion with the plasma membrane. The review by Richard addresses the emerging heterogeneity of CD8+ T cells within what had been considered until now a single subset, discussing the phenotypical and temporal heterogeneity arising during a CD8+ T cell response, with a focus in the impact the strength of the TCR signal. The original research article by Lelliott et al. addresses the role of the NK cell granule protein 7 (NKG7), which is hyper-expressed in tumor-infiltrating CTLs from patients treated with immunotherapy. Using a model of CD8+ T cell-immunogenic colon carcinoma mouse model, they show that, unexpectedly, NKG7 knockout does not affect tumor growth despite an impairment of CTL-mediated cancer cell killing in vitro. However, they observe that NKG7 KO CTLs form long-lasting immune synapses with cancer cells, leading to increased secretion of TNFα, that compensates for the defect in canonical CTL toxicity by promoting TNF receptor-mediated cancer cell death.

The mechanisms of NK cell-mediated cytotoxicity, that show similarities, but also differences compared to CTLs, are discussed in two reviews. Ham et al. summarize our current understanding of the biogenesis of the NK LGs and their release, also addressing the pathways that enable NK cells to serially kill target cells. They also discuss the important issue of how NK cells protect themselves from their own cytotoxic effectors, which has been a long-standing question for all cytotoxic cells. Ramirez-Labrada et al. discuss a limitation in the studies of the mechanisms of NK-mediated cytotoxicity related to the use of purified recombinant or native proteins rather than intact NK cells, which does not allow to take into account important factors such as the influence of the stimuli received from target cells or other cellular components of the microenvironment. They review the current information of how NK cells kill target cells, discussing the different target cell death modalities that are not limited to apoptosis but also involve inflammatory pathways such as necroptosis and pyroptosis, proposing the idea that NK-mediated cell death is a new regulatory mechanism that enhances anti-cancer T cell immunity by providing inflammatory signals and tumor antigens. The original research article by Bou-Tayeh et al. provides evidence that the development and function of NK cells is altered in acute myeloid leukemia (AML). Using a mouse AML model, they show that NK cells are metabolically and functionally exhausted as the result of chronic in vivo IL-15/mTOR signaling as well as type I IFN signaling. The metabolic defect is recapitulated in NK cells from AML patients. Given the key role for IL-15 in NK expansion, these data provide an explanation for the NK defects previously observed in AML.

Non-conventional cytotoxic T cells are covered by two reviews. CD4+ T cells with cytotoxic activity have been described decades ago, however they have gained in complexity in more recent years with the expanding multiplicity of CD4+ T cell subsets. These cells have been identified in a number of pathological settings, including viral infections, autoimmune diseases and cancer. Cenerenti et al. present an overview of cytotoxic CD4+ T cells, from their discovery to the current knowledge of their killing mechanisms and their relevance to disease, with a focus on cancer and on their exploitation for immunotherapy. The review by Bolivar-Wagers et al. addresses the non-conventional role of Tregs as cytotoxic T cells, with properties shared by effector T cells. They discuss the different function of cytolytic CD4+ as well as CD8+ “effector” Tregs in the periphery, where they act as conventional T cell suppressive Tregs, and in tissues, where they exploit their killing properties for immune homeostasis. The authors also discuss the potential therapeutic exploitation of these cells for human disease, such as graft-versus-host disease.

Two reviews illustrate the mechanisms of tumor cell escape from CTL-mediated cytotoxicity. Tuomela et al. discuss the active role of the target cell in deploying resistance mechanisms throughout the execution of the death programs triggered by CTLs, highlighting these mechanisms as vulnerabilities that can be exploited by virally infected and cancer cells to evade killing. They review the mechanisms of resistance to perforin, granzyme B and death receptors. In addition to TCR-triggered killing, the authors discuss TNF-dependent cytotoxicity and the mechanisms of target cell resistance to this death program, highlighting the potential of these findings for the development of new therapeutic intervention strategies. McKenzie et al. illustrate the different early and late mechanisms of defense against CTLs deployed by tumor cells to disable the different weapons used by CTLs, namely the early release of granzymes from LGs that undergo exocytosis at the CTL immune synapse with target cells, the later multiple strategies that include enhanced autophagy, membrane repair and impairment of the death pathways, and the potential role of SMAPs in overcoming these defenses. The authors propose a multipronged strategy targeting multiple steps in the defense process to enhance the efficacy of anti-tumor immunity and immunotherapy.

The review by Espie and Donnadieu presents recent advances of the factors that underpin the effectiveness of CAR T cell-based therapies versus failure in solid tumors, discussing the importance of the strength of the adhesion of CAR T cells and cancer cells, which is determined by IFNγ and ICAM1, for cancer cell killing. They also elaborate on the translatability of these findings to improve existing CAR T cell-based therapies against solid tumors.

Two methods articles provide new tools for the study of lymphocyte-mediated cytotoxicity. Rasi et al. describe a novel mammalian expression system for the purification of high purity and biologically active recombinant LG components, that they apply to granzyme B and granulysin. This purification system could be very useful to elucidate the function of these proteins and to explore the possibility of their therapeutic application. Rudd-Schmidt et al. describe a new technology for the measurement of perforin release by murine cells during immune synapse formation. This method, involving tagging perforin at its N-terminus with a short peptide and then using tag-specific nanobodies for its detection, which overcomes the limitations precluding the exploitation of mouse disease models related to CTL defects, such as low abundance of perforin and lack of reliable antibodies.

Finally, a case report article by Zhao et al. presents a case of large granular T cell leukemia, a rare indolent leukemia associated to abnormal Fas-mediated apoptosis, with kidney involvement, characterized by circulating leukemic lymphocytes and infiltration of intra-glomerular capillaries.

Together, this Research Topic exhaustively covers the state-of-the art in lymphocyte-mediated cytotoxicity, ranging from known and new cellular players, to the pathways of biogenesis and exocytosis of the cytotoxic effectors, to the expanding mechanisms of target killing, to the defense strategies implemented by target cells. Interesting arguments are presented on how this knowledge can be translated to new therapeutic approaches aimed at enhancing the anti-cancer T cell response and improving the effectiveness of CAR T cell-based immunotherapy. We believe it will make useful reading to basic and translational scientists alike.
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Natural Killer (NK) cells are potent anti-leukemic immune effectors. However, they display multiple defects in acute myeloid leukemia (AML) patients leading to reduced anti-tumor potential. Our limited understanding of the mechanisms underlying these defects hampers the development of strategies to restore NK cell potential. Here, we have used a mouse model of AML to gain insight into these mechanisms. We found that leukemia progression resulted in NK cell maturation defects and functional alterations. Next, we assessed NK cell cytokine signaling governing their behavior. We showed that NK cells from leukemic mice exhibit constitutive IL-15/mTOR signaling and type I IFN signaling. However, these cells failed to respond to IL-15 stimulation in vitro as illustrated by reduced activation of the mTOR pathway. Moreover, our data suggest that mTOR-mediated metabolic responses were reduced in NK cells from AML-bearing mice. Noteworthy, the reduction of mTOR-mediated activation of NK cells during AML development partially rescued NK cell metabolic and functional defects. Altogether, our data strongly suggest that NK cells from leukemic mice are metabolically and functionally exhausted as a result of a chronic cytokine activation, at least partially IL-15/mTOR signaling. NK cells from AML patients also displayed reduced IL-2/15Rβ expression and showed cues of reduced metabolic response to IL-15 stimulation in vitro, suggesting that a similar mechanism might occur in AML patients. Our study pinpoints the dysregulation of cytokine stimulation pathways as a new mechanism leading to NK cell defects in AML.
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Introduction

Acute myeloid leukemia (AML) is a group of hematological malignancies defined by the proliferation of abnormally differentiated myeloid blasts (1). Despite approval of several new drugs for AML treatment since 2017, the main treatment for AML patients remains chemotherapy (2, 3). Some patients can also benefit from treatment with hematopoietic stem cell transplantation (HSCT) which offers the best chance to cure AML (4). Success of AML treatment by HSCT indicates that this pathology is immunoresponsive. Particularly, AML cells are sensitive to the defense mediated by Natural Killer (NK) cells during haploidentical-HSCT (5).

NK cells are cytotoxic lymphocytes that can be activated in an antigen independent manner (6, 7). In both humans and mice, NK cells arise from a common innate lymphoid progenitor (CILP) and undergo several steps of differentiation, tightly regulated by a transcriptional program, and characterized by loss or acquisition of specific maturation markers (6, 8, 9). In mice, three main maturation subsets of NK cells can be defined based on the expression of CD27 and CD11b as follows: CD27+CD11b—, CD27+CD11b+ and CD27—CD11b+ from less to most mature (10). Although the development and maturation of NK cells start in the bone marrow (BM), NK cells circulate and populate a wide variety of tissues where they exert immune survey against cancer and virus-infected cells (6, 8, 11, 12). Besides their cytotoxic functions, NK cells can activate other actors of the innate and adaptive immunity by the secretion of cytokines such as IFN-γ (11, 13).

NK cell survival, maturation and activation rely on several cytokines, including interleukin (IL)-15 (14–16). IL-15 is an “IL-2-like” cytokine that binds to a trimeric receptor complex composed of the β chain of the IL-2/15R (CD122), the common gamma chain γc (CD132), and the α chain specific for IL-15 (CD215) (16). IL-15 in complex with IL-15Rα can be presented by hematopoietic or non-hematopoietic cells to neighboring NK cells expressing CD122 and CD132 (17–20). Upon binding to its receptor, IL-15 activates the same signaling pathway as IL-2, the JAK1-3/STAT5 signaling pathway. This leads to the expression of the STAT5 target genes and the maintenance of NK cell survival and proliferation (21, 22). IL-15 also induces the expression of proteins belonging to the family of suppressor of cytokine signaling (SOCS), such as CIS and SOCS1-3, which negatively regulate the activation of the JAK/STAT pathway (23, 24). Furthermore, it has been shown that high levels of IL-15 can stimulate NK cell metabolism by activating the mammalian target of rapamycin (mTOR) pathway (15, 25, 26). This metabolic response supports NK cell maturation and peripheral activation (15, 25–27). Hence, the perturbation of NK cell metabolism has been associated with altered NK cell functional responses in chronic diseases (28).

NK cells play a major role in the defense against AML cells. However, numerous studies, including ours, have reported defects in NK cells in AML patients which all severely impair the anti-tumor functions and affect the clinical outcomes (29–35). These defects include alteration of maturation, reduced cytotoxic functions, downregulation of triggering receptor expression or up-regulation of inhibitory/regulatory receptors, or down-regulation of transcription factors important for NK cell functions (29, 30, 36, 37). So far, the mechanisms underlying these alterations remain elusive, which hampers the development of efficient therapeutic strategies for the potentiation of NK cell functions in AML.

Leukemogenesis occurs in the BM, modifying the microenvironment to support the pathogenic process at the expense of normal hematopoiesis (38). AML development alters the cytokine expression profile in the BM (39, 40) and in the serum of patients (41). Although the impact of different cytokines on NK cell behavior is well known, how AML-induced modifications in these cytokines affect NK cell homeostasis and functions in AML has not been addressed. Here, we have used a mouse model of AML to investigate this point. In line with observations made in AML patients, we found that NK cell maturation and functions are altered in leukemic mice. We noted an active pro-inflammatory cytokine signaling in NK cells from leukemic mice. We suggest that chronic activating signaling, at least in part by IL-15, is a potential factor contributing to NK cell alterations in leukemic mice, by inducing defects in NK cell signaling and the exhaustion of NK cell functions and metabolism. Finally, we were able to show that NK cells of AML patients exhibit cues of metabolic defects, suggesting that similar mechanisms might occur in AML patients.



Material and Methods


Mice

Female CD45.2 C57BL/6J mice were purchased from Janvier labs (France). Male CD45.1 C57BL/6 mice were obtained from laboratory animal facility. Ncr1iCre mice were provided by Pr. E. Vivier (42) and were crossed with TGFβRIIfl/fl mice provided by Dr. G. Guasch (43, 44) to produce Ncr1Cre/WTTGFβRIIfl/fl mice. All mice were bred and maintained in the Cancer Research Center of Marseille animal facility under specific pathogen-free conditions. All mice were used between 6 and 12 weeks of age. In some experiments, mice were treated intraperitoneally with 100µg Poly(I:C) (In vivogen) and sacrificed 16 hours later.

All animal protocols were performed in strict accordance with the European Directive 2010/63/EU on the use of animals for scientific purposes (agreement No. 2016041809182209) and were approved by an Institutional Animal Care and Use Committee.



Leukemia Models

Two AML cell lines were used in our experiments, FLB1 cells provided by Prof. O. Hérault (45) and C1498 cells purchased from ATCC. Both leukemia cell lines are syngeneic to C57BL/6 mice. Freshly thawed 50 000 FLB1 cells (CD45.1) were resuspended in PBS and injected intravenously in congenic CD45.2 mice. For C1498, cells were expanded in DMEM medium supplemented with 10% Fetal Calf Serum (FCS) (Life Technologies) for one week. 25 000 C1498 cells (CD45.2) were then resuspended in PBS and injected intravenously in CD45.1 congenic mice. In all cases, AML development was monitored by flow cytometry analysis of the percentage of CD45.2 or CD45.1 positive cells in the blood. Control mice consisted of PBS injected mice.

In addition to transplantable models, inducible MLL-AF9 (iMLL-AF9) leukemic mice were kindly provided by Prof. J. Schwaller (Basel, Switzerland). Briefly the leukemia was induced by addition of 0.4mg/mL doxycycline in the drinking water until the appearance of leukemia as measured by white blood cell (WBC) count and a May-Grünwald-Giemsa staining (46). Mice were sacrificed when WBC count was four- to six-fold that of normal control mice. Control mice consisted of iMLL-AF9 transgenic mice not treated by doxycycline or mice having the doxycycline promoter but without the MLL-AF9 transgene (46).



Treatment of Mice With Rapamycin

FLB1 cells were injected in mice and the percentage of leukemia cells in the blood was monitored by flow cytometry as previously described. Control mice were injected with PBS. Treatment of leukemic and control mice with rapamycin or with vehicle was started when the percentage of FLB1 cells in leukemic mice reached 0.5-2% of total CD45+ cells in the blood, which corresponds to 17 days post-injection. Rapamycin (R706203), dissolved in DMSO to a final concentration of 20 mg/mL and further diluted in 10% PEG-400/87,5% H2O, was daily injected intraperitoneally in mice to a final dosage of 3 mg/kg. Treatment of leukemic and control mice with rapamycin or with vehicle was stopped when the percentage of FLB1 cells in leukemic mice reached 10-20% of total CD45+ cells in the blood. Mice were then sacrificed immediately, or kept for 24h then treated intraperitoneally with 100µg Poly(I:C) (In vivogen) and sacrificed 16 hours later (Figure 6A).



Human Samples

All patient studies were carried out in accordance with the declaration of Helsinki with the agreement of the Institut Paoli-Calmettes institutional review board and all patients gave informed consent. All patients were diagnosed with AML and peripheral blood samples were taken and frozen by the institutional biobank (agreement N° LAM-NK2020-IPC 2020-019–20-001). Frozen samples were selected irrespective of AML subtypes. Healthy donor samples were provided by the local blood bank (Etablissement Français du sang) and frozen until use.



Flow Cytometry

For murine cell phenotyping, Single-cell suspensions were prepared from BM, spleen and peripheral blood and were depleted of red blood cells using 1X RBC lysis buffer (eBioscience). For extracellular staining, cells were incubated with appropriate antibodies diluted in 2.4G2 supernatant, to block non-specific antibody binding, for 30 min at room temperature. Intracellular staining for IFN-γ was performed using BD Cytofix/Cytoperm™ Fixation/Permeabilization kit (BD Biosciences). Intracellular staining of Eomes, T-bet, Ki-67, Perforin, and Granzyme B was performed using FoxP3 Fixation/Permeabilization kit (eBioscience). For pSTAT5 and pS6 measurements, BM cells were prepared and cultured with murine IL-15 (mIL-15, eBioscience) at the indicated concentrations for one hour at 37°C. Intracellular staining of phosphorylated proteins was performed using the PerFix staining kit (Beckman Coulter). For absolute counting of cells, 10µL of CountBright absolute counting beads (ThermoFisher Scientific) were added to the stained cells just before acquisition on the flow cytometer.

For human NK cell phenotyping, frozen PBMCs were thawed and counted. Cells were then stained immediately or after 48h of culture at 37°C in RPMI medium (Gibco) supplemented with 10% FCS (Life Technologies), with or without 20ng/mL recombinant human IL-15 (Miltenyi Biotec). Extracellular staining was performed by incubating cells with antibodies for 30 min at RT. Intracellular staining of Eomes and T-bet was performed using FoxP3 Fixation/Permeabilization kit (eBioscience).

For human and murine NK cell phenotyping, acquisition was performed by a BD LSRII-SORP flow cytometer or a BD Fortessa flow cytometer (BD Biosciences). Data analysis was conducted with FlowJo software (BD). A list of all antibodies used in this study can be found in Supplemental Table 1.



In Vivo Proliferation Assay

Control or leukemic mice were treated with two intraperitoneal injections of 100µg EdU (Invitrogen) 12 hours apart. Thirty-six hours after the second injection, mice were sacrificed and single cell suspensions were prepared from BM and labelled with antibodies against surface antigens. To measure EdU incorporation, cells were fixed and stained with Click-it Plus EdU flow cytometry kit (Invitrogen) according to manufacturer’s instructions.



Apoptosis Detection by Annexin-V and 7-AAD Staining

Cells labelled with antibodies specific for surface proteins were incubated for 15 min at room temperature in the dark with Annexin-V (BioLegend) and 7-AAD (BD Biosciences) diluted in Annexin-V binding buffer (BioLegend). Cells were then immediately analyzed by flow cytometry. Apoptotic cells are defined as total Annexin-V positive cells.



Killing Assay

NK cells were sorted from the spleen of leukemic or control mice using mouse NK cell isolation kit (StemCell, 19855) and FACS Aria II (BD Biosciences). Target YAC-1 cells or FLB1 cells were stained with 4µM of Cell Proliferation Dye eFluor™ 670 (Life Technologies) according to manufacturer’s instructions. Sorted NK cells were then incubated with target cells for four hours at 37°C at different effector to target (E:T) ratios. Target cell killing was measured using CellEvent™ Caspase-3/7 Green Detection Reagent (Life technologies) and analyzed by flow cytometry.



Degranulation Assay

One million splenic cells of mice pre-stimulated or not with Poly(I:C) were cultured alone, or with 200 000 YAC-1 target cells, or FLB1 or C1498 leukemia cells, or stimulated with 200ng/mL PMA and 1µg/mL ionomycin (Sigma). After four hours of incubation at 37°C in the presence of anti-CD107a antibody, golgi stop and golgi plug (BD Biosciences), cells were stained and the percentages of NK cells positive for CD107a and IFN-γ were measured by flow cytometry. In some experiments, FLB1 leukemia cells were magnetically depleted from the spleen of leukemic mice by means of anti-CD45.1-biotin antibody (eBioscience) staining and EasySep™ Mouse Streptavidin RapidSpheres™ Isolation Kit (StemCell).



Quantitative RT-PCR

RNA was isolated from total BM cells of leukemic or control mice using the RNeasy mini kit (Qiagen). cDNA was then obtained using the SuperScript II Reverse Transcriptase (Invitrogen). Quantitative PCR was performed using TGF-β1 and Gapdh (internal control) TaqMan assays (Applied Biosystems) and a CFX96 real-time PCR detection system (Bio-Rad). Gene expression was normalized to internal control (ΔCt = Ct gene of interest–Ct internal control) and relative mRNA expression to GAPDH was calculated as 2–ΔCt.



RNA Sequencing

BM cells from five mice per group (control or FLB1 injected) were pooled per experiment prior to NK cell sorting, and three independent experiments were performed. NK cells were first sorted using EasySep™ Mouse NK Cell Isolation Kit (STEMCELL Technologies), then with Aria II on the basis of live/CD3-CD19-NK1.1+CD27+CD11b— gating. RNA was isolated from sorted cells using the RNeasy micro plus kit (Qiagen) and mRNA quality was evaluated using an Agilent 2100 (Pico Chip). RNA Sequencing was performed by the GenomEast platform, a member of the ‘France Génomique’ consortium (ANR-10-INBS-0009). RNA-Seq analysis was done with a production pipeline, as follows. Quality control was done with FastQC and sequence alignment against mm10 genome with Subread 1.6. Quality control revealed an optimal quality level (Phix) and a high number of aligned reads. Alignment was done in pair-read mode with removal of multiple-aligned reads. Gene count was performed with featureCount (SubRead package). Further analysis of gene counts (Differential analysis of gene expression) was done using R with EdgeR package. Count normalization was done with TMM method (EdgeR). Analysis of differential expression was performed with Limma on the web-based application Phantasus (https://bioconductor.org/packages/release/bioc/html/phantasus.html or https://artyomovlab.wustl.edu/phantasus/). Analysis of enriched pathways was first performed using EnrichR (https://amp.pharm.mssm.edu/Enrichr/) (47). Finally, Gene set enrichment analysis (GSEA) was also performed,  with the GSEA software from the Broad Institute, using the Hallmark Gene Sets from the molecular signature database v7.1 (https://www.gsea-msigdb.org/gsea/msigdb/index.jsp). The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: GEO, GSE180409.



Glucose Uptake Measurement

Freshly isolated BM or splenic cells were resuspended in glucose free RPMI (Gibco) supplemented with 100µM 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose, Invitrogen) for 10 min et 37°C. Cells were then washed with PBS, stained with antibodies and analyzed by flow cytometry.



Mitochondrial Mass and Mitochondrial Superoxide Measurements

Total mitochondrial mass or mitochondrial superoxide were measured by incubating cells for 10 min at 37°C with 500nM MitoTracker™ Deep Red (Life Technologies) or 5µM MitoSOX™ Red (Life Technologies) respectively. Cells were washed twice with PBS, stained with antibodies and analyzed by flow cytometry.



Cytokine Measurements in BM Supernatants

Femurs and tibias, isolated from leukemic or control mice, were dissociated from adjacent muscles, cut in two, and centrifuged in RPMI medium. BM supernatants of 5 different leukemic or control mice were pooled and analyzed for 97 different mouse cytokines using mouse cytokine array C6 according to manufacturer’s instructions (Antibodies Online). The cytokine membranes were quantified by densitometric analysis using ImageJ.

For IL-15 measurement, BM supernatants of leukemic or control mice were analyzed using mouse IL-15 DuoSet ELISA (R&D systems) according to manufacturer’s recommendations.



Statistical Analyses

Statistical analyses were performed using Prism software (GraphPad). For two data sets comparison, unpaired nonparametric Mann-Whitney t-test was used. For comparison of more than two data sets, unpaired nonparametric Kruskal-Wallis t-test was used. Levels of statistical significance are expressed as P values: *P< 0.05, ** P <0.01, *** P <0.001, **** P <0.0001. Error bars represent SEM.




Results


NK Cell Maturation and Homeostasis Are Altered in Mice Bearing Acute Myeloid Leukemia

To gain insight into the mechanisms underlying NK cell defects observed in AML patients, we used FLB1 cells as a syngeneic mouse model of AML. This model is based on the overexpression in hematopoietic stem cells of hoxa9 and meis1 genes that are commonly overexpressed in AML (48, 49). FLB1 cells are of myeloid origin and phenotype (data not shown) and almost recapitulate human AML (45). They are recognized and killed by syngeneic NK cells in vitro, although to a lesser extent than the classical murine NK target cell YAC-1 (Supplemental Figure 1A). Intravenous injection of FLB1 cells in syngeneic mice resulted in a progressive bone marrow (BM), blood and spleen invasion (Supplemental Figure 1B). Following AML development, NK cell frequency was increased in leukemic mice BM (Supplemental Figure 1C), albeit a significant decrease was observed in non-leukemic and NK cell numbers (Supplemental Figures 1D, E). There was no significant change in the percentage nor in the number of NK cells in the spleen of leukemic mice compared to control mice (Supplemental Figures 1C–E).

We next analyzed NK cell maturation by means of CD27 and CD11b expression. We observed an increase in the percentage of the immature CD27+CD11b— NK cell subset and a sharp decrease in the percentage of mature CD27+CD11b+ NK cells in the BM and spleen of leukemic mice (Figure 1A), while no significant change could be observed for CD27—CD11b+ NK cell frequency (Figure 1A). With respect to numbers, all subsets were reduced in leukemic mice BM and not changed in the spleen, except CD27+CD11b— immature NK cells which were increased in the spleen of leukemic mice (Supplemental Figure 1F). Moreover, we noted that NK cell maturation imbalance in the BM paralleled leukemia progression in this organ (Figure 1B). Finally, we evaluated NK cell maturation in other mouse models of AML: the murine C1498 transplantable model and the genetically induced model of MLL-AF9 transgenic mice. Both tumors invade progressively the BM and induce AML-like diseases (46, 50). Similarly to the FLB1 model, we found a significant increase in the percentage of the immature CD27+CD11b— NK cells in both leukemia models (Supplemental Figure 1G). These data suggest that the hypomaturation of NK cells is common in leukemic mice, and validate the use of our FLB1 injected mice as a surrogate model for the study of NK cell alterations in AML.




Figure 1 | NK cell maturation and homeostasis are altered in leukemic mice. (A–D) Freshly isolated cells from the bone marrow (BM) or the spleen of leukemic (FLB1 injected) or control (PBS injected) mice were stained and analyzed by flow cytometry. (A) Left: the percentages on zebra plots indicate the CD27+CD11b— and CD27+CD11b+ NK cell populations in relation to total NK1.1+CD3-CD19- cells. Right: the percentages of all three NK cell maturation subsets, as determined by CD27 and CD11b expression, in the BM (upper graph) and spleen (bottom graph) (n=12 mice/group in four independent experiments). (B) The percentages of CD27+CD11b— and CD27+CD11b+ NK cell maturation subsets (left Y axis) and of CD45.1+ FLB1 cells (right Y axis) evaluated by flow cytometry in the BM at the indicated days after FLB1 injection (n=2-6 mice/group in two independent experiments). (C) The percentage of Eomes positive cells in relation to total NK cells and NK cell maturation subsets in the BM of leukemic or control mice (n=8-10 mice/group in two independent experiments). (D) The level of expression of T-bet in total NK cells and NK cell maturation subsets in the BM of leukemic or control mice (n= 8 mice/group in three independent experiments). (E, F) Leukemic or control mice were injected twice with 100μg of EdU 12h apart. 36h after the second injection of EdU, mice were sacrificed and BM cells were extracted and stained to measure EdU incorporation. Cells were also stained with DAPI and anti-NK1.1, -CD3, -CD19, -CD27, -CD11b and -Ki67 antibodies and were analyzed by flow cytometry. (E) The percentage on dot plots indicate the percentage of EdU incorporation in total NK cells of leukemic and control mice. The graph represents the percentage of EdU positive NK cells and NK cell maturation subsets. (F) The percentage on dot plots indicate the percentage of NK cells Ki67+DAPI+ in S/G2/M phase or cycling NK cells. The graph represents the percentage of cycling cells of total NK cells and of the three NK cell maturation subsets (n=10-11 mice/group in three independent experiments). (G) BM cells freshly isolated from control and leukemic mice were stained and analyzed by flow cytometry to determine the percentage of apoptotic cells defined as total Annexin-V(AnnV)+ cells (n=4-5 mice/group in three independent experiments). The values are presented as the mean +/- SEM. *p < 0.05, **p < 0.01, ***p < 0.001, NS, Non Significant, as determined by Mann-Whitney test.



NK cell maturation is regulated by transcription factors, including T-bet and Eomesodermin (Eomes) (51). In particular, it has been shown that Eomes regulates NK cell maturation from CD27+CD11b— stage to CD27+CD11b+ stage (52, 53). To assess whether Eomes and T-bet are dysregulated in NK cells from leukemic mice, we evaluated their expression in BM and spleen NK cells by flow cytometry. We observed a decrease in the percentage of Eomes-expressing NK cells in leukemic mice (Figure 1C and Supplemental Figure 1I). We also noted a decrease in the level of Eomes expression in Eomes+ NK cells, although this decrease is not statistically significant in the BM (Supplemental Figure 1H, J). Moreover, reduced expression of T-bet in NK cells from leukemic mice was found (Figure 1D and Supplemental Figure 1K), suggesting an altered expression of the transcription factors regulating NK cell maturation after leukemia progression in mice.

The hypomaturation of NK cells in leukemic mice could also originate from an increase in the proliferation rate of immature subsets and/or in the apoptosis of mature subsets. To address this, we first assessed in vivo homeostatic proliferation of NK cell subsets by means of EdU incorporation. We observed a decrease in the percentage of proliferating NK cells in the BM of leukemic mice compared to control mice (Figure 1E). This decrease was observed for all subsets, especially for CD27+CD11b— NK cells (Figure 1E) and was confirmed by a measurement of Ki67 expression (Figure 1F). Moreover, ex vivo apoptosis analysis by measuring Annexin-V expression revealed a decreased apoptosis especially in mature CD11b+ subsets (Figure 1G). Altogether, these data suggest an altered homeostatic proliferation, apoptotic rate, and maturation in NK cells from leukemic mice.



The Functions of NK Cells Are Altered in Leukemic Mice

Next, we compared the functions of splenic NK cells from leukemic and control mice. NK cells from leukemic mice tend to produce less IFN-γ and degranulate less than control NK cells in response to YAC-1 target cells (Figure 2B). Priming of NK cells in vivo with the TLR3 ligand poly(I:C), injected 16h prior to the functional analysis, improved their degranulation and cytokine production but these functions remained lower in NK cells from leukemic mice compared to controls (Figures 2A, B). Ex vivo stimulation with PMA and ionomycin, performed in order to measure the maximal functional potential of NK cells, also resulted in decreased degranulation and IFN-γ production in NK cells from leukemic mice (Figure 2B). A similar reduction of NK cell functions was observed when FLB1 cells were depleted from the spleen of leukemic mice before ex vivo stimulation, ruling out that the presence of leukemic cells during functional assays may be responsible for the observed effects (Supplemental Figure 2A). In line with the reduction of NK cell functions, NK cells from leukemic mice expressed lower levels of perforin and granzyme B (Figure 2C). Finally, we assessed the functions of NK cells from leukemic mice, primed with poly(I:C), in response to AML cell lines, FLB1 and C1498. Decreased degranulation and IFN-γ production by NK cells were observed as compared to controls (Figure 2D). Noteworthy, defective functions of NK cells in response to in vivo/ex vivo stimulation were independent of their maturation status (Supplemental Figures 2B, C). Altogether, these results show that NK cells in leukemic mice display a reduction of their effector functions.




Figure 2 | NK cell functions are altered in leukemic mice. Cells were freshly extracted from the spleen of leukemic or control mice pre-injected or not with 100μg Poly(I:C) 16h prior to sacrifice. Cells were then stained immediately (C), or after four hours of culture alone, or with YAC-1/FLB1/C1498 cells, or with PMA and ionomycin, in the presence of Golgi-stop, Golgi-plug and anti-CD107a antibody (A, B, D). Cells were then analyzed by flow cytometry. (A) Zebra plots show the level of CD107a exposure and IFN-γ production by total NK cells primed with Poly(I:C) and cultured with YAC-1 cells. (B) The graphs show the percentages of NK cell IFN-γ production and degranulation (CD107a exposure) in result to all stimulations (n=9-12 mice/group in at least three independent experiments, except for YAC-1: n=3 mice/group in one experiment). (C) The level of perforin and granzyme B production, as measured by MFI, by total NK cells after priming with Poly(I:C) (n=7-8 mice/group in two independent experiments). (D) The percentages of IFN-γ production and degranulation by NK cells primed with Poly(I:C) and cultured with FLB1 or C1498 AML cell lines (n=6-11 mice/group in at least two independent experiments). The values are presented as the mean +/- SEM. *p < 0.05, **p < 0.01, ***p <0 .001, NS, Non Significant, as determined by Mann-Whitney test.





Activation of Cytokine Signaling and of the IL-15 Pathway in NK Cells From Leukemic Mice

NK cell maturation, homeostasis, as well as activation, are critically dependent on cytokine priming. We hypothesized that NK cell defects in leukemic mice might stem from changes in cytokine signaling. To address this point, we first measured the modifications in the cytokine profile of the BM supernatants of leukemic and control mice using a mouse cytokine array for the quantification of 97 different cytokines. Several cytokines and soluble factors were differentially expressed (Supplemental Figure 3A). We noted an increase in the levels of some pro-inflammatory cytokines, such as Leptin, IFN-γ, CD27, CD30, hepatocyte growth factor (HGF), but also of some anti-inflammatory cytokines such as IL-10 and CTLA-4 or some chemokines such as CXCL1 and CCL21 (Supplemental Figure 3A). Next, we performed RNA sequencing analysis on the immature CD27+CD11b— NK cells from the BM of leukemic and control mice. We used a web-based software (EnrichR) which provides the 10 most significantly enriched pathways (Figure 3A). Enrichment analysis revealed a strong response to different proinflammatory cytokines including type-I IFNs and Interleukin/IL-2 signaling in NK cells from leukemic mice. A further analysis of the RNA sequencing data using GSEA confirmed that the IL-2/IL-15 pathway was engaged in NK cells isolated from leukemic mice (Figures 3B, C). Amongst the genes from this pathway, Cish, known to be induced by IL-2 and IL-15, was significantly up-regulated (FC=1.9, adjusted p value = 0.02) (Figure 3C) (24).




Figure 3 | Active NK cell cytokine signaling and elevated levels of IL-15 in the bone marrow of leukemic mice. (A–C) CD27+CD11b— NK cells were sorted from leukemic (FLB1 injected) or control (PBS injected) bone marrows (BMs) and RNA sequencing was performed. Data are representative of three independent experiments (five mice/group/experiment). (A) Enrichment pathway analysis showing up-regulated pathways in NK cells from leukemic mice compared to controls. (B) GSEA enrichment plot for the IL-2-STAT5 signaling pathway. (C) Heatmap representing expression of selected genes (IL-2/STAT5 signaling pathway (Reactome), for all genes: p<0.05, Log Expression>4). Color code corresponds to normalized (by row) minimum and maximum gene expression. (D) The levels of IL-15 in the BM supernatants of leukemic or control mice were measured by ELISA (n=9-10 mice/group). (E–G) Freshly isolated BM cells of control and leukemic mice were stained and analyzed by flow cytometry. (E) Zebra plots show the level of phosphorylation of STAT5 and S6 in representative leukemic or control BM-NK cells. The graphs show the MFI of intracellular pSTAT5 and pS6 by total NK cells (n=8 mice/group in two independent experiments). (F) Zebra plots show the expression of CD69 and CD25 in BM-NK cells from leukemic or control mice. The mean percentages of CD69 expressing or CD25 expressing NK Cells in the BM of leukemic and control mice are represented (n=6-7 mice/group in two independent experiments). (G) MFI of the surface expression of IL-15 receptors by total NK cells and by CD27+CD11b— and CD27+CD11b+ NK cell maturation subsets (n=5-7 mice/group in two independent experiments). The values are presented as the mean +/- SEM. *p < 0.05, **p < 0.01, ***p < 0.001, as determined by Mann-Whitney test.



IL-15 is one of the most important cytokines for NK cells. In particular, IL-15/mTOR pathway regulates NK cell maturation from CD11b— to CD11b+ stage and facilitates NK cell activation in periphery (15, 54), two checkpoints that are altered in our leukemic mice. We first measured by ELISA the levels of IL-15 in the BM supernatants. Interestingly, concentration of IL-15, measured by ELISA, in the BM of FLB1-injected mice was higher compared to controls an increase in the levels of IL-15 in the BM of FLB1-injected mice compared to controls (Figure 3D). We also noted a tendency towards an increase in the levels of IL-15 in the BM of MLL-AF9 leukemic mice (Supplemental Figure 3B). Next, we measured ex vivo levels of phosphorylation of STAT5 (pSTAT5) and of the mTOR associated ribosomal protein S6 (pS6) in NK cells. We noted an increase in the amount of phosphorylated STAT5 and S6 in NK cells from leukemic mice compared to controls (Figure 3E), suggesting an activation of the signaling pathways downstream of IL-15 receptor. In line with an activated profile, flow cytometry analysis showed an increase in the percentage of NK cells expressing CD69 and CD25, two markers that can be induced by IL-15 (25, 55) (Figure 3F). Finally, we measured the expression of IL-15 receptor subunits on BM-NK cells. The β chain of the IL-2/IL-15 receptor (CD122) was downregulated in FLB1-injected and MLL-AF9 leukemic mice (Figure 3G and Supplemental Figure 3C). We also noted a decrease in the surface expression of the common γ chain (CD132) in NK cells from FLB1-injected mice, independently of the stage of NK cell maturation (Figure 3G). A total (intracellular and extracellular) versus extracellular staining of CD122 in NK cells showed that the whole surface and intracellular levels for this receptor were decreased in leukemic mice NK cells (Supplemental Figure 3D). The increase in the levels of IL-15 in the BM and the activation of the IL-15 signaling pathway in NK cells from leukemic mice strongly suggest that the downregulation of IL-15 receptor subunits is due to ligation to IL-15 and increase in its degradation (24, 56), in line with cish mRNA upregulation. Altogether, these data strongly suggest that NK cells are chronically stimulated by cytokines in the leukemic microenvironment and in particular by the pro-inflammatory cytokine IL-15.



NK Cells of Leukemic Mice Are Hyporesponsive to IL-15 Stimulation In Vitro

Our data indicate that NK cells from leukemic mice are exposed to IL-15 in vivo. We wanted to assess the consequences of this exposure to their responsiveness to this cytokine ex vivo. For this, we cultured BM cells, from leukemic or control mice, with increasing concentrations of IL-15 for 1 hour, and we measured the expression of phosphorylated STAT5 and S6 in NK cells by flow cytometry. IL-15-induced phosphorylation of STAT5 was reduced in total and CD27+CD11b— NK cells from leukemic mice compared to control mice, at all IL-15 concentrations tested (Figure 4A). The S6 phosphorylation was induced in NK cells only at high concentrations of IL-15 known to activate the mTOR pathway (15). Nonetheless, S6 phosphorylation was lower in NK cells from leukemic mice compared to control mice, and this reduction was independent of the maturation stage of NK cells (Figure 4B). These data indicate that NK cells from leukemic mice are hyporesponsive to additional short stimulation with IL-15 in vitro. Of note, culturing NK cells for a longer period of time (24h) with IL-15 increased their responsiveness to target cells but NK cells from leukemic mice were still poor responders compared to controls (data not shown), thus confirming that the responsiveness of NK cells to IL-15 stimulation in vitro was reduced in leukemic mice.




Figure 4 | NK cells of leukemic mice are hyporesponsive to IL-15 stimulation in vitro. Bone marrow cells of leukemic (FLB1 injected) or control (PBS injected) mice were cultured with the indicated concentrations of IL-15 for one hour. Cells were then stained and analyzed by flow cytometry. MFI of intracellular pSTAT5 (A) and pS6 (B) for total NK cells and for CD27+CD11b— and CD27+CD11b+ NK cell maturation subsets are given as a ratio of MFI at the indicated concentration of IL-15 normalized to the MFI in the absence of IL-15 (n=5-8 mice/group in two independent experiments). The values are presented as the mean +/- SEM. *p < 0.05, **p < 0.01, ***p < 0.001, NS, Non Significant, as determined by Mann-Whitney test.





NK Cells of Leukemic Mice Have Reduced Expression of Metabolic Markers

Chronic stimulation of NK cells with IL-15 is known to generate deleterious effects, assimilated to cell exhaustion, on NK cell functions and metabolism (55, 57–59). So far, our results suggested that BM-NK cells in leukemic mice bath in a proinflammatory milieu and in particular they may be chronically stimulated by IL-15 which leads to deregulation in the mTOR pathway. Therefore, we next wondered what would be the consequences of this exposure on NK cell metabolism. First, we measured by flow cytometry the size and granularity of NK cells ex vivo as simple surrogate markers of NK cell activation and metabolic response (15, 60). In contrast to the activation status, the size and granularity of BM-NK cells, but not that of spleen NK cells, tended to be lower in leukemic mice compared to control mice (Supplemental Figure 4A). We next measured the expression of the heavy chain of L-amino acid transporter SLC3A2 (CD98) and the transferrin receptor (CD71) ex vivo. Indeed, these markers are known to be upregulated in metabolically active NK cells (15, 60). Interestingly, the expression of CD98 was reduced, irrespective of maturation stages, in leukemic mice BM-NK cells compared to control mice (Supplemental Figure 4A). In addition, we observed a tendency towards a decrease in the expression of CD71 (Supplemental Figure 4A). These data indicate that despite their activation, NK cells of leukemic mice seem to be less metabolically active.

In vivo injection of poly(I:C) is known to strongly enhance NK cell metabolism via IL-15 and the mTOR pathway (15, 60). Therefore, we next compared the metabolic responses of NK cells in leukemic and control mice after poly(I:C) injection 16h prior to sacrifice (Figure 5A). We observed a reduced NK cell size, granularity, and expression of nutrient transporters in BM-NK cells from leukemic mice (Figure 5B and supplemental Figure 4B). We also observed a tendency towards a decrease of these markers in spleen-NK cells from leukemic mice compared to controls (Figure 5C and supplemental Figure 4B). Moreover, we assessed the uptake of glucose by ex vivo NK cells primed with Poly(I:C) by measuring 2NBDG staining. We showed a reduced glucose uptake in BM-NK cells from leukemic mice compared to controls (Figure 5D and Supplemental Figure 4C). Finally, mitochondrial activity in NK cells, including mitochondrial mass and mitochondrial reactive oxygen species (ROS), measured by MitoTracker and MitoSOX staining, respectively, were also reduced in leukemic mice (Figures 5E, F and Supplemental Figure 4D). Altogether, these data suggest that NK cells from leukemic mice exhibit reduced metabolic response after activation of the mTOR pathway.




Figure 5 | Reduced metabolic response and exhausted features by NK cells from leukemic mice. (A–F) Mice were injected or not with 100μg Poly(I:C) and sacrificed 16h later. Bone marrow (BM) and splenic cells were extracted, stained and analyzed by flow cytometry. (A) Histograms represent the size, granularity, and the expression of nutrient transporters by NK cells. (B, C) MFI of FSC-A, SSC-A, CD98 and CD71 by total BM (B) or splenic (C) NK cells of control (PBS injected) and leukemic (FLB1 injected) mice after Poly(I:C) injection (n=9 mice/group in two independent experiments). (D–F) Histograms represent the glucose uptake (D), the mitochondrial mass (E) and the mitochondrial reactive oxygen species (F) by total BM and splenic NK cells of control mice not stimulated or stimulated with Poly(I:C) (Left panel). The graphs show MFI for 2NBDG (D), MitoTracker (E) and MitoSox (F) expression by NK cells of control and leukemic mice after Poly(I:C) injection (right panel) (n=8-10 mice/group in two independent experiments). (A, D, E, F) Representative data of NK cells from control mice not stimulated (empty lines), stimulated with Poly(I:C) (black filled lines) and negative controls (FMO, grey shade). The values are presented as the mean +/- SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, NS, Non Significant, as determined by Mann-Whitney test.



Our data suggest that IL-15/mTOR pathway is chronically stimulated in NK cells from leukemic mice which is associated with metabolic and functional defects. We hypothesized that the reduction of the activation of the mTOR pathway during AML progression might reduce these defects. Therefore, we treated mice with daily injections of rapamycin, an inhibitor of the mTOR complex 1 (mTORC1), during the exponential phase of the engraftment of AML cells in the organs (Figure 6A and Supplemental Figure 1B). First, we measured the levels of S6 phosphorylation in NK cells ex vivo and observed a decrease in leukemic mice treated with rapamycin compared to those treated with vehicle (Figure 6B). This increased S6 phosphorylation remained higher in NK cells of leukemic mice compared to control mice even in rapamycin treated group, indicating that the regimen of rapamycin treatment used in our experiments reduced, but did not completely abrogate, the activation of the mTOR pathway (Figure 6B). Next, we assessed NK cell metabolic markers such as the size, granularity and expression of nutrient transporters CD98 and CD71. We showed an increase in these markers in leukemic mice treated with rapamycin compared to mice treated with vehicle (Figures 6C, D). Finally, NK cell secretion of IFN-γ, but not their degranulation, tended to be higher in leukemic mice treated with rapamycin and activated with Poly(I:C) injection 16h prior to sacrifice compared to mice treated with vehicle (Figure 6E). Altogether, these data indicate that the reduction of the activation of mTOR during AML development partially rescued NK cell metabolic and functional defects.




Figure 6 | Treatment of mice with rapamycin improves the metabolic fitness and IFN-γ production of NK cells from leukemic mice. (A) Schematic representation of the protocol. Control (PBS injected) or leukemic (FLB1 injected) mice were treated with daily injection of rapamycin or DMSO for 8 to 15 days. The duration of the treatment was dependent of the leukemic progression in mice and was stopped when the percentage of FLB1 cells reaches 10-20% of total white blood cells in peripheral blood. Mice were then sacrificed (B–D), or kept for 24h without treatment and then injected with 100 µg Poly(I:C) and sacrificed 16h later (E) (n=3-5 mice/group). (B) The graph represents the level of phosphorylation of S6, expressed as MFI, in bone marrow (BM) NK cells. (C) The graphs represent the size (FSC), granularity (SSC) of BM-NK cells. (D) The graphs represent the level of expression of nutrient transporters (CD98 and CD71) in BM-NK cells. (E) Freshly extracted splenocytes were stained and analyzed by flow cytometry. The graphs represent the percentage of NK cells expressing IFN-γ and the marker of degranulation CD107a. (F) Freshly isolated BM and splenic cells of leukemic or control mice were stained and analyzed by flow cytometry. The graphs show the percentage of NK cells and NK cell maturation subsets expressing TIGIT (BM: n=8 mice/group in three independent experiments; Spleen: n=4-5 mice/group). The values are presented as the mean +/- SEM. *p < 0.05, **p < 0.01, ***p < 0.001, NS, Non Significant as determined by Kruskal-Wallis test (B–E) or Mann-Whitney test (F).





The Depletion of TGF-β Signaling Does Not Restore NK Cell Metabolic and Functional Defects in Leukemic Mice

TGF-β is a prominent immunosuppressive cytokine that can inhibit the metabolism and the functions of NK cells, in particular by repressing the mTOR pathway (61–63). TGF-β can also decrease the expression of the β subunit of IL-15 receptor leading to reduced IL-15 signaling (64). In our model we noted an increase in phosphorylated SMAD2/3 (pSMAD2/3) proteins (Supplemental Figure 5A) hinting at activation of TGF-β signaling as evidenced by an increase in phosphorylated SMAD2/3 (pSMAD2/3) proteins (Supplemental Figure 5A). Not surprisingly TGF-β mRNA levels also had a tendency to increase in BM cells of leukemic mice compared to control mice (Supplemental Figure 5B). Therefore, we wondered whether TGF-β could be involved in the alteration of NK cell IL-15 signaling, metabolism, and functions. To address this question, we used mice in which the TGF-βRII receptor was depleted in NK cells specifically (NK-TGFβRII-/- mice). When NK-TGFβRII-/- mice were injected with FLB1 cells, we did not observe any restoration of NK cells defects, although phosphorylation of SMAD2/3 was completely abrogated (Supplemental Figure 5C–G). Hence, CD122 expression, STAT5 and S6 phosphorylation, degranulation, IFN-γ production, and expression of nutrient transporters remained reduced in NK cells from leukemic mice compared to controls (Supplemental Figure 5D–G), ruling out the implication of TGF-β in the alterations of NK cells in leukemic mice.



NK Cells of Leukemic Mice Display Exhaustion Features

Thus far as our data suggest that NK cells in leukemic mice are chronically stimulated by IL-15 and exhibit defective homeostatic proliferation, signaling defects and reduced functional and metabolic responses, suggesting an exhaustion status. Indeed, the reduced expression of Eomes by BM-NK cells from leukemic mice (Figure 1C) is in line with this hypothesis (59, 65). To confirm this hypothesis, we measured the expression of another marker of exhaustion of NK cells, the co-inhibitory molecule TIGIT (66), and we observed a higher frequency of TIGIT positive NK cells in leukemic mice (Figure 6F). Altogether, these data indicate that NK cells of leukemic mice are exhausted and suggest an implication of the chronic pro-inflammatory stimulation, partially mediated by IL-15 in the BM.



NK Cells From AML Patients Display Cues of Metabolic Defects

We next sought to determine whether NK cells from AML patients also displayed IL-15 signaling defects and metabolic reduction. We analyzed peripheral blood NK cells from patients diagnosed with AML and compared with healthy donors’ NK cell expression of IL-15Rβ/CD122. We noted a lower surface expression of CD122 on AML patients’ NK cells (Figure 7A). in humans, the final steps of NK cell maturation are characterized by the expression of the marker CD56/NCAM defining 2 different maturation subsets: CD56bright representing immature NK cells, which give rise to more mature CD56dim NK cells. Although not all patients had sufficient numbers of CD56bright NK cells, as previously shown (67), we found that both NK cell maturation subsets displayed a reduced CD122 expression in AML patients (Figure 7A). Next, we analyzed the expression of CD98 and CD71 as surrogate markers of cellular metabolism (68). In contrast to leukemic mice NK cells, AML patients’ NK cells had similar levels of expression of CD98 and higher levels of expression of CD71 as compared to that of healthy donors (Supplemental Figure 6). However, NK cells from AML patients were less able to increase the expression of CD98 and CD71 in response to a stimulation with IL-15 in vitro for 48h (Figure 7B). Finally, we analyzed the expression of exhaustion markers on NK cells such as PD-1 and TIGIT. While TIGIT expression was slightly lower on AML patients’ NK cells, a fraction of patients’ NK cells expressed high levels of PD-1 (Figure 7C).




Figure 7 | NK cells from AML patients have reduced IL-2/15Rβ and metabolic marker expression. Peripheral blood (PB) NK cells from healthy volunteers and AML patients were analyzed by flow cytometry for CD122 expression (A), CD98 and CD71 surface expression (B), and exhaustion marker expression (C). (A) Once thawed up, PB NK cells were stained for CD122, CD3, CD56 and CD45. Data show CD122 expression on CD45+/live total NK cells or CD56bright/dim NK cells. (B) Peripheral blood mononuclear cells were thawed and incubated for 48h in the presence or absence of 20ng/mL rhIL-15. The histograms show an example of CD98 and CD71 expression on NK cells at day 2 after culture with or without IL-15. The graphs show CD98 (top) and CD71 (bottom) expression ratio (stimulated versus unstimulated). (C) The level of expression of PD-1 (top) and TIGIT (bottom) in freshly thawed PB NK cells is depicted. Lines within each group correspond to the median. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, as determined by Mann-Whitney test.






Discussion

The mechanisms by which NK cells acquire developmental and functional defects in AML remain mostly unknown. Here, we have studied AML-induced defects in NK cell maturation, homeostatic proliferation and functions in a mouse model that recapitulates human disease. We showed that NK cells of leukemic mice displayed active cytokine signaling while exhibiting alterations in the IL-15/mTOR signaling and metabolism. We also provided evidence that NK cell alterations could be the result of chronic stimulation leading to their exhaustion.

We first observed that the increase in BM immature NK cell frequency paralleled that of the acceleration phase of leukemia progression. The increase in CD27+CD11b— NK cells was confirmed in two other mouse models of AML. We also noted a reduction in NK cell functions after stimulation with cancer cell lines or with PMA and ionomycin. In humans, a maturation blockade was found in almost 10% of patients with AML, and patients harboring hypomature NK cells have reduced overall survival and reduced relapse-free survival, in comparison with patients with a normal NK cell profile (29). In addition, functional NK cell exhaustion was previously described in AML patients (36). Indeed, the AhR pathway was shown to induce the expression of the microRNA miR29b in murine and human NK cells in AML. This pathway targets Eomes and T-bet leading to a maturation blockade and functional defects in NK cells (37, 69). In our model, we observed a decrease in the expression of Eomes and T-bet in spleen NK cells and in CD27+CD11b— immature NK cells in the BM. However, T-bet expression was not downregulated in CD27-CD11b+ BM-NK cells. This result might explain the maintenance of CD27—CD11b+ NK cells which maturation seems to rely mostly on T-bet (52). Furthermore, the AhR-Mir29b pathway did not inhibit the functions of mature human NK cells (69), suggesting that other mechanisms might be responsible of the defects observed in these cells. In our model, NK cell functions were reduced at all NK cell maturation stages. Thus, our data with respect to IL-15-mTOR pathway and metabolism, suggest an alternative pathway for NK cell alterations in AML.

Alternatively, TGF-β is an immunosuppressive cytokine that can dampen NK cell cytotoxicity by i) affecting NK cell maturation, ii) altering IL-15/mTORC1-dependent signaling and metabolism, and iii) participating to a conversion into non-cytotoxic ILC1-like cells (35, 61, 64, 70, 71). Its secretion within the leukemia microenvironment has been puzzling for many years (30, 72–74), notably because the methods for detection were not sufficiently accurate. Since we found alteration in NK cell maturation, functions, IL-15 signaling, and mTOR-dependent metabolism, in addition to a higher frequency of CD49a+ NK cells (marker of ILC1, data not shown), we were prompted to analyze the implication of TGF-β in our model. Indeed, we found a higher phosphorylation of SMAD2/3, the signaling mediators of TGF-β, in NK cells from leukemic mice. However, the removal of TGF-β receptor specifically on NK cells definitively ruled out a strong implication of this cytokine in the reduction of IL-15 receptor, the metabolic alterations and most importantly in the reduction of the effector functions of NK cells from leukemic mice. Yet, we cannot exclude a participation of TGF-β in some aspects of NK cells alterations in AML such as their acquisition. of ILC1-like phenotype (35).

Both maturation and triggering of NK cell functions are dependent on cytokines delivered within the microenvironment (14). Amongst them, IL-15 is of prime importance in NK cell biology. Our study revealed an increase in the concentration of IL-15 in the BM of leukemic mice in two different AML models. Consequently, we observed an increase in the activation of the signaling pathways downstream of IL-15 receptor, i.e. the JAK1-3/STAT5 and the mTOR pathways, in addition to an increased expression of activation markers. Moreover, the expression of the β subunit of IL-15 receptor (CD122) was drastically reduced in leukemic mice NK cells as well as in patients. Downregulation of CD122 following ligation with IL-15 has also been shown in previous studies (24, 25, 56, 75) and strongly suggests a ligand-receptor interaction. Altogether, these elements suggest that NK cells are activated by IL-15 in AML, although we cannot exclude the contribution of other cytokines to the activation of NK cells. Indeed, our cytokine array showed an alteration of the cytokine profiles in leukemic BMs with a tendency towards an increase in multiple pro-inflammatory cytokines. Moreover, our RNA sequencing data on immature NK cells revealed that type I interferon signaling and Interleukin signaling are triggered in leukemic mice, suggesting the implication in the activation of NK cells. These observations fit with a recent observation by Crinier et al. showing that NK cells from AML patients displayed a stress and interferon-induced gene signature (34). Interestingly, type I IFN are known to be important for IL-15 production and transpresentation by dendritic cells (19). Here, we have measured the levels of soluble monomeric IL-15 in the bone marrow. Although IL-15 can be detected in a monomeric form, it is mainly transpresented by myeloid cells in complex with IL-15Rα. Soluble forms of IL-15/IL-15Rα can also be detected. Hence, it would be interesting to measure the total levels of IL-15 production in the bone marrow and to determine which cells are responsible for this increased secretion in AML.

Priming of NK cells with IL-15 has been considered to be necessary to lower the threshold for further target cell recognition. However, we showed that despite their activated profile, NK cells from leukemic mice were hyporesponsive to the stimulation with IL-15 in vitro. Particularly, short-term stimulation with IL-15 induced less phosphorylation of the ribosomal protein S6 suggesting an impaired mTOR signaling. As an expected consequence, NK cells of leukemic mice exhibited reduced expression of the metabolic markers upon in vivo activation of mTOR with poly(I:C). Moreover, metabolic and functional responses of NK cells were also reduced after 24h stimulation with IL-15 in vitro (data not shown). Of note, poly(I:C) stimulation increases the production of IL-15 in mice (76). Thus, the decrease in metabolic responses following stimulation with poly(I:C) in vivo, or with IL-15 in vitro, might be due to the reduced expression of IL-15 receptor subunits leading to reduced overall responsiveness to this cytokine. Yet, we observed reduced expression of nutrient transporters in leukemic mice NK cells, without stimulation by poly(I:C), while mTOR signaling is more activated. These data suggest that the reduced expression of IL-15 receptors is not the only mechanism leading to reduced metabolic responses in leukemic mice NK cells. In AML patients, NK cells also displayed reduced IL-15Rβ/CD122 expression, and although CD71 and CD98 expression was similar to controls at steady state, NK cells from patients showed a limited up-regulation of these metabolic surrogate markers upon cytokine stimulation.

Noteworthy, cellular metabolism is commonly assessed by measurement of oxygen consumption, glycolysis rate, ATP production and respiration, using the Seahorse technology. Indeed, Felices et al. demonstrated that in vitro continuous IL-15 treatment reduces primary human NK cell activity through reduction of cellular metabolism (57). However, the number of cells required for such technology exceeds the number of ex vivo unexpanded NK cells collected from leukemic mice. Nonetheless, the consistent reduction in all the parameters known to be increased in metabolically active NK cells such as cell size, granularity, the expression of nutrient transporters, their uptake of glucose, their mitochondrial mass and their expression of mitochondrial ROS, strongly suggest that NK cells of AML-bearing mice exhibit metabolic defects (15, 60, 68). The use of refined methods allowing assessment of limited numbers of cells, such as Met-Flow (77) or SCENITH (78) will certainly allow a better understanding of NK cell metabolism in cancer.

Hyporesponsiveness and reduction of functions following prolonged stimulation of NK cells with IL-15 were previously described in humans and in mice and these studies reported signaling and metabolic defects (55, 57–59). Maturation defects were also reported following constitutive activation of the mTOR pathway (79), or continuous in vivo treatment with IL-15 (58). Moreover, prolonged activation of NK cells with other cytokines, such as IL-2, IL-12 and type I interferons, or chronic stimulation through activating receptors such as NKG2C, have been associated with deleterious effects (80, 81). Altogether, these studies showed that persistent stimulation can exhaust NK cells. So far, no previous study has associated NK cell exhaustion in cancer condition with persistent stimulation with pro-inflammatory cytokines. Increased serum IL-15 levels, as well as activation of IL-15 and interferon signaling in NK cells were reported in AML patients (34, 82). The assumption that mTOR activation is leading to the exhaustion of NK cells in leukemic mice led us to hypothesize that targeting mTOR pathway would at least reduce some of the observed effects of leukemia progression. Felices et al. showed that treating NK cells with rapamycin, an mTORC1 inhibitor, rescued IL-15-mediated exhaustion of NK cells in vitro (57). In leukemic mice, rapamycin induced a partial rescue of NK cell metabolic defects. Moreover, cytokine production after poly(I:C) stimulation was increased in rapamycin-treated NK cells from leukemic mice. Nonetheless, it is important to conclude cautiously on the effects of such treatments in our leukemic mouse model, since mTOR inhibitors likely affect leukemia progression and per se reduce the pressure on NK cells.

In mouse, TIGIT, rather than PD-1, has been shown to be a relevant marker for NK cell exhaustion (66). Here, we found that NK cells from leukemic mice had a higher TIGIT expression and we did not detect PD-1 expression (data not shown). In contrast, some AML patients displayed a higher frequency of PD-1 positive NK cells, but slightly lower levels of TIGIT were observed. This discrepancy may reflect the differences in AML progression dynamics in mouse and humans or in the cell surface hallmarks of exhaustion in mouse and human NK cells. Nonetheless, the sum of alterations found in NK cells from leukemic mice and from AML patients (from ours or previous studies) pinpoints a functional exhaustion of NK cells in AML.

During the last two decades, several attempts to enhance NK cell functions as a therapy for the treatment of AML or other cancers have been tested including the stimulation in vitro or in vivo by γc cytokines (IL-2, IL-15, IL-21, etc.). For instance, recently, Romee R et al. performed the first-in-human clinical trial for the injection of the IL-15 superagonist complex ALT-803 for the treatment of AML patients in relapse (NCT01885897) (83). The phase I clinical study showed that this modified IL-15 is well tolerated and induces an increase in NK cell numbers and markers of functionality (83). However, an increase in the expression of the checkpoint receptors LAG-3 and Tim-3 at the surface of NK cells was described in patients. Other strategies for leukemia treatment are currently studied and performed, based on NK alloreactivity or CAR-NK cells. Although these strategies are very promising, resistance or relapse remain a major concern, and the consequent exhaustion related to NK cell expansion may be involved (84). In light of our data, but also supported by previous work from other research groups, it may be of critical importance to better understand cytokine-induced exhaustion of NK cells. Besides, depending on the time of injection, i.e. during a full blown or relapsed leukemia or after complete remission as prophylactic treatment, it might be relevant to study the impact of leukemia on the NK cells used for such therapies.

In summary, we report here that NK cells in AML are exhausted likely because of a chronic stimulation, in part mediated by the IL-15. These exhaustion traits parallel the alteration of their IL-15 signaling and the reduction of their metabolic and functional responses. Our study provides a new perspective of the mechanisms of NK cell defects in AML that might impact the therapeutic strategies used in this disease.
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Large granular T lymphocyte leukemia (T-LGLL) is a rare indolent lymphocyte leukemia. The clonal proliferation of T cells, which is related to STAT3 gene mutation and abnormal Fas-mediated apoptosis pathway after cell activation, plays a major role in disease progression. Some studies have found that the exogenous and continuous stimulation of endogenous antigens, such as virus infection, is related to the pathogenesis of T-LGLL. The renal pathological manifestations of T-LGLL have rarely been described. In this study, we report a case of T-LGLL with kidney involvement as proteinuria, acute kidney injury, with the appearance of circulating T-LGL infiltrating intra-glomerular capillaries, and endocapillary glomerulopathy. We also summarize reported cases of renal injury associated with LGLL.
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Introduction

Large granular T lymphocyte leukemia (T-LGLL) is a rare type of lymphoproliferative disorder characterized by the clonal expansion of large granular T lymphocytes (LGLs) (1, 2). The abnormal proliferation of LGLs is usually associated with hematologic disorders and autoimmune diseases. Kidney disease can be rarely recognized in T-LGLL patients. Here we described a case of acute kidney injury associated with T-LGLL. A diagnosis of endocapillary glomerulopathy was confirmed by histology analysis, revealing the endocapillary infiltration of LGLs.

A 63-year-old man was admitted to our Department of Nephrology for further investigation of massive proteinuria. He had a 2-year history of rheumatoid arthritis (RA) and splenomegaly. At 1 month before admission, the patient was diagnosed with T-LGLL accidentally when he was experiencing an exacerbation of upper respiratory tract infection (fever of 38.2°C with cough and sputum), with a lymphocyte count of 5.68 × 109/L showing the presence of specifically large lymphocytes containing granules and a flow cytometry analysis showing a CD2+/CD3+/CD4−/CD7+/CD8+/CD57+/TCRαβ+ phenotype. The bone marrow TCR gene analysis showed a rearrangement of TCRB and TCRG gene clones. At that time, the serum creatinine (SCr) was 90 μmol/L, whereas he developed progressive edema and proteinuria 10 days later.

On admission, the patient complained of anorexia. Upon physical examination, it was found that the blood pressure was at 180/100 mmHg. There was severe edema, no rash, no palpable superficial lymph nodes, and no sign of livedo reticularis indicating cryoglobulinemia. The laboratory examination revealed acute kidney injury in that SCr was rapidly elevated to 327 μmol/L, with blood urea nitrogen (BUN) at 63.69 mmol/L, BUN to SCr ratio ≈60:1, uric acid at 714 μmol/L, and albumin at 30.4 g/L (40–55). The complete blood count results were as follows: WBC, 5.4 × 109/L; Hb, 96 g/L; reticulocyte, 176.3 × 109/L (24–84); platelet, 76 × 109/L; neutrophil, 10.7%, 0.6 × 109/L (1.8–6.3); and lymphocyte, 84.8%, 6.8 × 109/L (1.1–3.2). The urinalysis found microscopic hematuria at 4–7 cells/HPF, the 24-h urinary protein was at 10.85 g, the 24-h urinary sodium was at 12.75 mmol, and the filtered sodium excretion fraction was at 0.2%. The tests for antinuclear, antineutrophil cytoplasmic, anti-GBM antibodies, hypocomplements (C3 and C4), and cryoglobulin did not detect their presence; the anti-cyclic citrulline polypeptide antibody was at 140 RU/ml (<5), and antistreptolysin O (ASO) was 235 IU/ml (<220). However, the systemic inflammatory response was mild (erythrocyte sedimentation rate, 28 mm/h; hypersensitive C-reactive protein, 13.2 mg/L). The CT scan showed bilateral pleural effusion, pericardial effusion, enlarged kidneys, and spleen as well as a large amount of peritoneal effusion.

The renal pathological findings showed that the glomeruli were negative for IgG, IgA, C1q, FRA, ALB, IgG1, IgG2, IgG3, and IgG4, with IgM+ and C3+++ being positive and granularly depositing in the mesangial area by immunofluorescence analysis. Under light microscope observation, there were 21 global ischemic sclerosis of a total of 59 glomeruli, which were mainly distributed beneath the renal capsule. The non-sclerotic glomeruli had an appearance of diffuse endocapillary proliferation. Most heteromorphic lymphocytes and a small number of neutrophils were observed in the intra-glomerular capillaries (Figure 1). No structure of glomerular crescent and arteriolitis were detected. There was focal tubular necrosis, multifocal lymphocytes, and mononuclear cells inundates with interstitial fibrosis; however, tubulitis was not found. Under electron microscope observation, segmental low-density electron-dense deposition was disclosed limitedly in the mesangial area with the extensive fusion of podocyte foot processes, and no crystal or special microstructure was observed. Furthermore, the immunohistochemistry staining verified that the infiltrated heterotypic lymphocyte intra-glomerular capillaries expressed CD20-/CD3+/CD4-/CD8+/TCRβ-/TIA1+/GranzymeB+/CD2-/CD7+/CD56-/Ki67 5%, demonstrating a cytotoxic T cell immunophenotype (Figure 2). The above-mentioned findings of renal pathology suggested endocapillary proliferative glomerulonephritis associated with T-LGLL. Moreover, considering the history of recent respiratory infection, increased ASO, and C3 deposition in the mesangial area, infection-related glomerulonephritis could not be excluded. The extremely decreased FeNa indicated intra-glomerular hypoperfusion, which could contribute to aggravated tubular injury and kidney function loss. In addition, lymphocyte and monocyte (Figure 1C and Figure 2) interstitial infiltration was revealed in histology, proving that tubulointerstitial injury might also be involved in the pathogenesis of the kidney injury.




Figure 1 | Light and electron microscopy analysis. (A–C) Light microscopy using hematoxylin–eosin staining showing diffuse endocapillary proliferation composed of heteromorphic lymphocytes and a small number of neutrophils (A, B) and multifocal interstitial infiltration of lymphocytes and monocytes with focal tubular necrosis (C) [magnification, ×100 (A); magnification, ×400 (B, C)]. (D) Electron microscopy showing endocapillary proliferation of heteromorphic lymphocytes (red arrows) and low-density electron-dense deposition in the mesangial area (blue arrows) with the extensive fusion of podocyte foot processes.






Figure 2 | Immunohistochemistry analysis. (A) Immunochemistry analysis showing CD20-/CD3+/CD8+/GranzymeB+ phenotype of the infiltrating endocapillary glomerular cells (magnification, ×200). (B) Immunochemistry analysis on tubulointerstitial compartment showing CD20+/CD3+/CD8+ cells infiltrating the interstitium (magnification, ×200).



Supportive therapy was initiated after the patient was admitted to our hospital, including hemodialysis and transfusion of platelet and plasma, while the levels of SCr and BUN continued to increase as shown in Figure 3. The peripheral levels of platelet (68–93 × 109/L) and neutrophil (0.4–1.4 × 109/L) remained low. The coagulation function test revealed prolonged activated partial thromboplastin time (35–40 s) and decreased fibrinogen (1.65–2 g/L), strongly suggesting the occurrence of disseminated intravascular coagulation. Immunosuppressive therapy was denied by the patient after the final diagnosis was confirmed. He chose to transfer to a local hospital where supportive treatment was sustained and unfortunately died a few days later.




Figure 3 | Changes of serum creatinine and blood urea nitrogen during the disease course.





Discussion

T-LGLL is a common type of LGL leukemia. However, the renal involvement of T-LGLL is rare. In the present study, we reported a case of T-LGLL-induced endocapillary proliferation. The current diagnosis of T-LGLL is mainly based on clinical manifestations, cell morphology, immunophenotype, and T cell clonality (3, 4). The typical clonal proliferating T lymphocytes (T-LGL) are mostly killer effector cytotoxic T lymphocytes, leading to tissue damage. Their abnormal proliferation causes an imbalance of lymphocyte subsets and secretes inflammatory cytokines (such as FasL and IL-18) (5, 6), leading to renal injury. Ribes D et al. (5) reported that the supernatant of cultured peripheral blood mononuclear cells, including clonal T cells, triggered the phenotype switch of the HK-2 cell line from a quiescent to a pro-inflammatory state, characterized by a pro-inflammatory state by NF-κB nuclear translocation and overexpression of inflammatory cytokines or chemokines. This suggests that circulating T-LGL could directly activate tubular epithelial cells or stimulate the immunoreactivity of T/B cell populations, which could contribute to kidney injury. Orman et al. (7) reported a case of T-LGLL-associated nephrotic syndrome, of which the clinical behavior favored minimal-change glomerulopathy (though a kidney biopsy was not undertaken), suggesting that cytotoxic T-LGL could disrupt the normal anionic charge of glomerular capillary walls independent of heavy local infiltration. Audemard et al. reported three among 10 cases of T-LGLL with cryoglobulin-associated vasculitis, renal insufficiency, and membranoproliferative glomerulonephritis without renal infiltration of T-LGL (8). They all had systemic involvement, including purpura, polyneuritis, and arthritis. Abnormal B-cell activities in LGLL patients could also induce kidney impairment. Zhang M et al. reported crescentic glomerulonephritis induced by anti-GBM disease in a patient of T-LGLL (9). There is also a case report of AH renal amyloidosis type (γ1) with T-LGLL (10). More recently, Pierre I et al. reported a case of natural killer cell LGL-induced glomerulonephritis, which showed global endocapillary proliferation with a marked predominance of circulating and interstitial infiltrating NK cells, IgM, C3 deposit, tubulitis, and tubular necrosis (11). Our current patient had similar pathological features of endocapillary proliferative glomerular changes, which originated from a cytotoxic T lymphocyte subset. These activated lymphocytes express cytotoxic granule protein (TIA-1 and GranzymeB) and had strong cytotoxic effects. Previous genetic testing found that IL1B gene was silenced in CD4-/CD8+ T cells of normal individuals but activated in LGL-T cells (5). IL-1β, as an effective proinflammatory cytokine, is known to be associated with tumor necrosis factor α, playing a central role in tissue injury of RA accompanied by T-LGL leukemia. Interestingly, the glomerular infiltrating clonal T cells of the patient in this report showed an immunophenotype consistent with T-LGL, but with low aggressiveness, and his renal biopsy revealed polymorphic inflammatory cell interstitial infiltrates. Even so, interstitial inflammation also remained one of the factors for acute kidney injury (AKI). The clinical and pathological characteristics of similar cases reported in the literature are summarized in Tables 1 and 2.


Table 1 | Clinical features of reported cases of renal injury associated with large granular lymphocyte leukemia.




Table 2 | Characteristic of renal disease in reported cases of renal injury associated with large granular lymphocyte leukemia.



However, the exact risk factors attributing to AKI in this T-LGLL patient were complicated. As we know, secondary neutrophil deficiency is a disadvantageous factor of innate immunity, which makes patients susceptible to infection. Infection-related nephritis would also be considered if patients presented with nephritis syndrome. We noticed that the patient had an extremely elevated BUN-to-SCr ratio and decreased FeNa. The renal biopsy revealed ischemic glomerulosclerosis, involving 35.6% of the glomeruli. We speculated that the intra-glomerular hypoperfusion was derived from severe endocapillary proliferative changes. All these could lead to peri-tubular capillary ischemia and tubular injury.

Our patient has a 2-year history of splenomegaly and RA with a positive anti-CCP antibody. Splenic involvement is almost universal in LGLL patients, manifested as splenomegaly and thrombocytopenia, which is closely related to autoimmune diseases. RA is most commonly described in 11–36% of patients, also including Felty syndrome, scleroderma, polymyositis, various types of vasculitis, Sjogren’s syndrome, and Behcet’s disease (12). The clonal T-LGL was reported to be detected in 3.6% of RA. The onset of LGLL is indolent; thus, diagnosis and specific treatment are easily delayed. Experts recommend the initiation of a specific treatment for T-LGLL with relevant autoimmune diseases (13). However, our patient presented rapid deterioration of kidney function with poor prognosis. One explanation was that the T-LGLL might have occurred a few years prior to the diagnosis of splenomegaly and RA. Insufficient attention to the history of splenomegaly might result in delayed diagnosis of T-LGLL and absence of timely treatment, consequently leading to disease progression.

Our report contained several limitations. Firstly, the reasons for the death of the patient need more analysis. However, clinical information concerning follow-up in the local hospital was lacking. Thus, it was hard to find out the exact cause of his death. Secondly, to further evaluate the pathogenesis of peripheral T-LGL, it is necessary to measure the serum inflammatory cytokines produced by the activated cytotoxic T cells, such as FasL and IL-18. Unfortunately, the patient died within a few days after the diagnosis, and we have not obtained consent from him.


Concluding Remarks

In conclusion, this case is a rare report of T-LGLL-induced AKI presenting endocapillary proliferative glomerulonephritis. We aim to arouse more attention to the kidney presentation of this clonal T cell proliferative disease. The significance lies in the fact that early recognition of T-LGLL-associated organ-specific injury and timely initiation of therapy would be beneficial to improve the disease outcome.




Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Ethics Statement

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author Contributions

NH collected data and reviewed the literature. TZ and NH drafted the manuscript. The diagnosis was confirmed clinically by TS and NH. XY made the pathological diagnosis and generated Figures 1 and 2. TS, NH, and TZ reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by the National Science and Technology Major Projects for major new drugs innovation and development (Grant 2017ZX09304028 to TS), and Chinese Academy of Medical Sciences Innovation Fund for Medical Sciences (No. 2019-I2M-5-046).



References

1. Yang, J, Liu, X, Nyland, SB, Zhang, R, Ryland, LK, Broeg, K, et al. Platelet-Derived Growth Factor Mediates Survival of Leukemic Large Granular Lymphocytes via an Autocrine Regulatory Pathway. Blood (2010) 115(1):51–60. doi: 10.1182/blood-2009-06-223719

2. Sokol, L, Agrawal, D, and Loughran, TP Jr. Characterization of HTLV Envelope Seroreactivity in Large Granular Lymphocyte Leukemia. Leuk Res (2005) 29(4):381–7. doi: 10.1016/j.leukres.2004.08.010

3. Steinway, SN, LeBlanc, F, and Loughran, TP Jr. The Pathogenesis and Treatment of Large Granular Lymphocyte Leukemia. Blood Rev (2014) 28(3):87–94. doi: 10.1016/j.blre.2014.02.001

4. Siebert, JD, Mulvaney, DA, Potter, KL, Fishkin, PA, and Geoffery, FJ. Relative Frequencies and Sites of Presentation of Lymphoid Neoplasms in a Community Hospital According to the Revised European-American Classification. Am J Clin Pathol (1999) 111(3):379–86. doi: 10.1093/ajcp/111.3.379

5. Ribes, D, Casemayou, A, El Hachem, H, Laurent, C, Guilbeau-Frugier, C, Vegez, F, et al. Asymptomatic Circulating T-Cell Clone Cause Renal Polymorphic Inflammatory Fibrosis. Clin Exp Nephrol (2017) 21(5):781–6. doi: 10.1007/s10157-016-1373-6

6. Saitoh, T, Matsushima, T, Kaneko, Y, Yokohama, A, Handa, H, Tsukamoto, N, et al. T Cell Large Granular Lymphocyte (LGL) Leukemia Associated With Behcet’s Disease: High Expression of Sfasl and IL-18 of CD8 LGL. Ann Hematol (2008) 87(7):585–6. doi: 10.1007/s00277-008-0438-3

7. Orman, SV, Schechter, GP, Whang-Peng, J, Guccion, J, Chan, C, Schulof, RS, et al. Nephrotic Syndrome Associated With a Clonal T-Cell Leukemia of Large Granular Lymphocytes With Cytotoxic Function. Arch Intern Med (1986) 146(9):1827–9. doi: 10.1001/archinte.146.9.1827

8. Audemard, A, Lamy, T, Bareau, B, Sicre, F, Suarez, F, Truquet, F, et al. Vasculitis Associated With Large Granular Lymphocyte (LGL) Leukemia: Presentation and Treatment Outcomes of 11 Cases. Semin Arthritis Rheum (2013) 43(3):362–6. doi: 10.1016/j.semarthrit.2013.07.002

9. Fu, J, Lee, LX, Zhou, P, Fogaren, T, Varga, C, and Comenzo, RL. A Case of T-Cell Large Granular Lymphocytic Leukemia and Renal Immunoglobulin Heavy Chain Amyloidosis. Am J Case Rep (2019) 20:43–7. doi: 10.12659/AJCR.912282

10. Zhang, M, Guan, N, Zhu, P, Chen, T, Liu, S, Hao, C, et al. Recurrent Anti-GBM Disease With T-Cell Large Granular Lymphocytic Leukemia: A Case Report. Med (Baltimore) (2019) 98(31):e16649. doi: 10.1097/MD.0000000000016649

11. Isnard, P, Linster, C, Bruneau, J, Thervet, E, Duong Van Huyen, JP, Rossignol, J, et al. Natural Killer Cell Large Granular Lymphocyte Leukemia-Induced Glomerulonephritis. Kidney Int Rep (2021) 6(4):1174–7. doi: 10.1016/j.ekir.2021.01.024

12. Bareau, B, Rey, J, Hamidou, M, Donadieu, J, Morcet, J, Reman, O, et al. Analysis of a French Cohort of Patients With Large Granular Lymphocyte Leukemia: A Report on 229 Cases. Haematologica (2010) 95(9):1534–41. doi: 10.3324/haematol.2009.018481

13. Lamy, T, and Loughran, TP Jr. How I Treat LGL Leukemia. Blood (2011) 117(10):2764–74. doi: 10.1182/blood-2010-07-296962




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhao, Hu, Yu and Su. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




METHODS

published: 01 March 2022

doi: 10.3389/fimmu.2022.830290

[image: image2]


Improved Purification of Human Granzyme A/B and Granulysin Using a Mammalian Expression System


Valerio Rasi 1,2†, Owais Abdul Hameed 3,4†, Patricia Matthey 3, Sibes Bera 1, Duane P. Grandgenett 1, Stefan Salentinig 4, Michael Walch 3* and Daniel F. Hoft 1,2*


1 Department of Molecular Microbiology and Immunology, Saint Louis University School of Medicine, Saint Louis, MO, United States, 2 Department of Internal Medicine, Division of Infectious Diseases, Allergy and Immunology, Saint Louis University School of Medicine, Saint Louis, MO, United States, 3 Anatomy Unit, Department of Oncology, Microbiology and Immunology, Faculty of Science and Medicine, University of Fribourg, Fribourg, Switzerland, 4 Department of Chemistry, Faculty of Science and Medicine, University of Fribourg, Fribourg, Switzerland




Edited by: 

Cosima T Baldari, University of Siena, Italy

Reviewed by: 

Julian Pardo, Fundacion Agencia Aragonesa para la Investigacion y el Desarrollo, Spain

Ilia Voskoboinik, Peter MacCallum Cancer Centre, Australia

*Correspondence: 

Daniel F. Hoft
 daniel.hoft@health.slu.edu 

Michael Walch
 michael.walch@unifr.ch

†These authors share first authorship

Specialty section: 
 This article was submitted to T Cell Biology, a section of the journal Frontiers in Immunology


Received: 06 December 2021

Accepted: 08 February 2022

Published: 01 March 2022

Citation:
Rasi V, Hameed OA, Matthey P, Bera S, Grandgenett DP, Salentinig S, Walch M and Hoft DF (2022) Improved Purification of Human Granzyme A/B and Granulysin Using a Mammalian Expression System. Front. Immunol. 13:830290. doi: 10.3389/fimmu.2022.830290



Cytotoxic lymphocytes release proteins contained within the cytoplasmic cytolytic granules after recognition of infected or tumor target cells. These cytotoxic granular proteins (namely granzymes, granulysin, and perforin) are key immunological mediators within human cellular immunity. The availability of highly purified cytotoxic proteins has been fundamental for understanding their function in immunity and mechanistic involvement in sepsis and autoimmunity. Methods for recovery of native cytotoxic proteins can be problematic leading to: 1) the co-purification of additional proteins, confounding interpretation of function, and 2) low yields of highly purified proteins. Recombinant protein expression of individual cytolytic components can overcome these challenges. The use of mammalian expression systems is preferred for optimal post-translational modifications and avoidance of endotoxin contamination. Some of these proteins have been proposed for host directed human therapies (e.g. - granzyme A), or treatment of systemic infections or tumors as in granulysin. We report here a novel expression system using HEK293T cells for cost-effective purification of high yields of human granzymes (granzyme A and granzyme B) and granulysin with enhanced biological activity than previous reports. The resulting proteins are free of native contaminants, fold correctly, and remain enzymatically active. Importantly, these improvements have also led to the first purification of biologically active recombinant human granulysin in high yields from a mammalian system. This method can be used as a template for purification of many other secreted cellular proteins and may lead to advances for human medicine.
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Introduction

The immune response to various intracellular pathogens and tumors includes cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells which recognize and directly kill infected or malignant cells. They are involved in cell mediated immunity and play a major role in host defense against infections by intracellular pathogens including bacteria, viruses and fungi replicating in host cells (1). The effector molecules which kill host cells and intracellular microbial pathogens include a family of serine proteases (Granzymes or Gzms) and a small antimicrobial protein (Granulysin or GNLY) delivered by the pore-forming protein perforin (2).

There are five human granzymes (granzyme A, B, H, K, and M), and ten mouse counterparts. Based on substrate specificity studies, other groups have shown species specific immunological functions of granzymes highlighting a potential divergent evolution process and suggesting that the human counterparts ought to be used for translational work to human medicine (3). Thus, our work cited here will focus on human granzymes and GNLY. Furthermore, granzymes are ubiquitously expressed in CTL and NK cells, particularly GzmB which is even detected in non-cytotoxic immune cells (4, 5). As GNLY is not expressed in mice and therefore in vivo experiments to date have been performed only using human GNLY transgenic mice (6–8). Granzyme A (GzmA) was previously thought to only induce apoptosis of target cells in concert with perforin. Death induction by GzmA involves a complex sequence of events, ultimately leading to the activation and nuclear transfer of two nucleases (NM23-H1 and Trex1) that trigger lethal DNA damage (9–13). GzmA also induces monocytes to produce pro-inflammatory cytokines (14–16) and to inhibit the intracellular replication of mycobacterial growth within infected primary human monocytes (15, 17). Due to its proinflammatory potential, there have been recent reports of its involvement during bacterial sepsis (16, 18, 19). To further study these effects, it is imperative that researchers are careful to avoid potential endotoxin contamination in the final purified products: the use of a bacterial expression system will directly contaminate purified proteins, while any other system will contaminate the product if the researcher is not careful throughout the process. In contrast to human GzmA, Granzyme B (GzmB) induces apoptosis of the target cells either by direct or indirect activation of caspase 3 and 7 (20, 21). Furthermore, GzmB efficiently activates the mitochondrial death pathway by truncating the pro-apoptotic protein Bid (22) and induces mitochondrial outer membrane permeabilization (23). Ultimately, activated caspases trigger the release of an active DNase (CAD), responsible for DNA fragmentation and nuclear changes during apoptosis (24).

GNLY is a prokaryotic membrane-disrupting, lymphocytic effector protein (25). GNLY alone can kill a wide array of microbial pathogens when micromolar concentrations are used in cell culture (1). However, its intracellular antimicrobial activity is synergistically enhanced by GzmB (26, 27). Pathophysiological roles of these proteins have been reported demonstrating their broad implications for understanding immune homeostasis and pathogenic inflammatory diseases (28). Known functions of these lymphocytic effectors heavily relied on in vitro studies using purified proteins in killing assays as well as biochemical and morphological studies.

GzmA/B and GNLY were expressed and purified from various recombinant systems including bacteria (29–31), yeast (32) and insect cells (33). These systems produce proteins without the post-translational modifications identical to native cytotoxic effectors. Native purifications of granzymes (14, 34) and granulysin from NK cells and CTL cell lines like YT Indy and NK92MI yield limited amounts of purified proteins contaminated with other cytolytic granule components (35). The existing recombinant protein expression methods (e.g., bacteria, yeast, and insect) can yield higher concentrations and purity, but also alter tertiary structures and unnaturally absent glycosylations (36, 37). The mammalian expression system with HEK293 T cells was shown to produce recombinant GzmA, GzmB and GzmM proteins with higher molecular weights than their bacterial counterparts that can be cleaved using an endoglycosidase, suggesting that glycosylated proteins can be produced in a mammalian system (38).

We present an improved purification process for the purification of GzmA/B and GNLY that builds on previous protocols (35, 38). This was accomplished by modifying the transfection method, medium and buffer conditions, and enterokinase (EK) activation and purification steps. Our yields were consistently ten times higher with at least similar purity as compared to previous results (38). Our purified proteins are biologically active with higher specific activity as measured in diverse and complex immunological systems. We also highlight steps that minimize endotoxin contamination by using mammalian expression.



Materials and Equipment

1. Production of the Expression Plasmid pHLsec-Gzm

	cDNA synthesis kit such as ThermoFisher Scientific RevertAid (#K1621).

	pHLsec plasmid (39).

	Gene synthesis companies (for GzmA studies, Genewiz was used).	Sanger sequencing for verification of inserted gene sequence within plasmids [use published primers that were in (38)]. Primer sequence for GNLY: Forward: pHLHisEKconsAge1For (5’-GAA-ACC GGT CAC CAC CAT CAC CAT CAC GAC GAC GAC GAC AAA) Reverse: pHLgnlySTOPkpn1Rev (5’-CTT GGT ACC TCA TTA CCT GAG GTC CTC ACA G) (Microsynth).

	Standard gene synthesis using known nucleotide and protein sequence of target granzyme (using Uniprot and NCBI).

	Optional: site-directed mutagenesis for modifications within original construct to obtain substitution at key amino acid [performed for GzmA-WT vs GzmA-S195A for (17)].







2. Expansion of HEK293T Cells

	293T/17 (HEK293T/17) cells (ATCC #CRL-11268).

	10 cm tissue culture dishes (Sigma # CLS430165) or T-75cm2 flasks (ThermoFisher Scientific #156499).

	Dulbecco’s Modified Eagle Medium (DMEM) (ThermoFisher Scientific #11965084).

	Stericup Quick Release (Sigma #S2GPU02RE).

	Fetal bovine serum (Sigma #F2442).

	Penicillin-Streptomycin (Gibco #15140-122).

	L-glutamine (Lonza #17-605E).

	Trypsin-EDTA (0.05%), phenol red (ThermoFisher Scientific #25300054).

	2 M Trizma hydrochloride solution, pH 8 (Sigma #T3069-1L).

	2 M CaCl2 (Sigma #C5670).

	5 M NaCl (Sigma #S5886).

	250 mM NiSO4 (Sigma #656895-10G).

	Imidazole (Sigma #I5513).

	HEPES (Sigma #H4034-500G).




3. Lipofectamine 3000 Transient Transfection of Gzms and GNLY

	Lipofectamine 3000 (ThermoFisher Scientific # L3000008).

	Opti-mem (ThermoFisher Scientific # 31985062).

	Coomassie Safe Blue stain (ThermoFisher Scientific # LC6060).

	Any kD™ Mini-PROTEAN® TGX™ Precast Protein Gels, 12-well, 20 µl (Bio-Rad #4569035).

	Laemmli SDS sample buffer, non-reducing (4X) (Alfa Aesar #J63615-AC).

	2-mercaptoethanol 14.2 M (Bio-Rad #1610710).

	Mini-PROTEAN Tetra Vertical Electrophoresis Cell for Mini Precast Gels, 4-gel (Bio-Rad #1658004).

	Precision Plus Protein™ Kaleidoscope™ Standards (Bio-Rad #1610375EDU).




4. Purification of Gzms From Culture Supernatant by Nickel-Immobilized Metal Affinity Chromatography (IMAC)

	Ni Sepharose beads (Cytiva # 17531806).

	Manually packed econo chromatography column 1.5 x 10 cm (Bio-Rad # #7371512).

	Suitable HPLC machine. Highly recommended to perform purification at 4°C to increase protein stability.




5. Enterokinase (EK) Treatment

	Centrifugal Filter Unit ≤10 kDa MWCO (Millipore UFC901008) for GzmA/B and ≤3 kDa MWCO (Millipore #UFC900324) for GNLY.

	Recombinant human EK expressed in CHO cells, suitable for cell culture and endotoxin tested (Sigma # SRP3032).

	Slide-A-Lyzer 10 kDa MWCO for GzmA/B (ThermoFisher Scientific #66455) or 3.5 kDa (ThermoFisher Scientific #66330) for GNLY.




6. Final Clean-up by MonoS Column (Cation Exchange Chromatography)

	MonoS-column (Cytiva #17516801).

	Endotrap column (Lionex #LET0009).

	0.5 ml screw cap tubes (Midsci #PR-SC5AC2).




7. Characterization of Final Product

	Pierce™ Silver Stain Kit (ThermoFisher Scientific #24612).

	Trans-Blot® Turbo™ Transfer System (Bio-Rad #1704150EDU).

	Trans-Blot® Turbo™ Mini PVDF Transfer Packs (Bio-Rad #1704156EDU).

	For GzmA:	Human Granzyme A Antibody (R&D #MAB2905) at 1:250 in blocking buffer (5% milk in Tris Buffered Saline with Tween 20-TBST).

	Z-L-Lys-SBzl hydrochloride (BLT substrate for GzmA) (Sigma #C3647-25MG).

	5,5′-Dithiobis (2-nitrobenzoic acid) (DTNB) (Sigma #D8130-500MG).

	EasySep™ Human Monocyte Isolation Kit (Stemcell #19359).

	RPMI 1640 Medium (ThermoFisher Scientific #11875093).

	Human serum (Sigma #H4522-100ML).

	Saponin from quillaja bark (Sigma #S7900).

	BD Difco Dehydrated Culture medium: Middlebrook 7H9 Broth (BD #271310).

	BD BBL Dehydrated Culture medium: Middlebrook ADC Enrichment (BD #211887).

	Uridine, (5,6-3H) (PerkinElmer #NET367).

	Illumina Gold F scintillation fluid (PerkinElmer #6013321).

	MicroBeta2 Microplate Counters for Radiometric and Luminescence Detection with 1-detector (PerkinElmer #2450-0010).

	Microbeta filtermat-96 cell harvester (PerkinElmer # D961962).

	8 x 12 Filtermat A, GF/C, 100/pk (PerkinElmer #1450-421).




	For GzmB:	BAADT Granzyme B substrate (AAD; Enzo Life Sciences #ALX-260-050-M005).

	AAD assay buffer: H2O containing: 50 mM Tris-Cl, pH 7.5, 0.2 mM BAADT (AAD) from 20 mM stock solution in DMSO, 0.22 mM of 5,5’-dithio-bis (2-nitrobenzoic acid) (DTNB; Sigma #WXBD5644V) from 0.55 M stock solution in DMSO.

	Anti-human Granzyme B Antibody (ThermoFisher scientific #14-8889-82) at 1:2000 in blocking buffer (3% BSA in TBST).

	An5 buffer H2O containing: 10 mM HEPES pH 7.5, 140 mM NaCl, 2.5 mM CaCl2.

	Buffer C Hanks’ balanced salt solution (HBSS) 10 mM HEPES pH 7.5, 4 mM CaCl2, 0.4% (w/v) bovine serum albumin (BSA).

	Buffer P Hanks’ balanced salt solution (HBSS) 10 mM HEPES pH 7.5.

	APC Annexin V Apoptosis Detection Kit with PI (BioLegend #B327051).

	Perforin 10 μM stock for granzyme mediated apoptosis assay.




	For GNLY:	6x-His tag antibody (HIS.H8) (Invitrogen #MA1-21315).









Methods

Summary of the steps needed for purifying cytotoxic granular proteins:


1. Production of the Expression Plasmid pHLsec-Gzm

	Prepare total RNA from human NK cells using a suitable RNA isolation method and reverse transcribe using a first-strand cDNA synthesize kit. Amplify Gzm cDNA using PCR and clone into pHLsec (39) using the AgeI and KpnI sites.

	For GNLY shift from His tag at the N-terminus (but also applied to Gzms), the forward primer HisEk.consAge1For and the reverse primer GNLYSTOPkpn1Rev were used with the template DNA pHLsecGNLY. The transformation of DNA was done by the high efficiency transformation protocol NEB alpha with C2987I NEB 5­alpha competent E. coli cells. After overnight incubation the colonies were harvested. The obtained DNA was sequenced to confirm the cloning process.

	Confirm correct inserts by sequencing. Expand the expression plasmids in DH5α cells and purify using an endotoxin-free plasmid isolation kit and follow the manufacturer’s instructions.

	Resuspend the purified plasmids in endotoxin-free, sterile water at a concentration of 2 mg/ml and store at -80°C until use.





2. Expansion of HEK293T Cells

	Preparation of reagents:	Preparation of standard culture medium. To Dulbecco’s Modified Eagle Medium (DMEM) add 10% of standard fetal calf serum (FCS) and 1% penicillin-streptomycin. Filter with a 0.22 μm filter.

	Prepare transfection medium, which is culture medium without penicillin-streptomycin.

	Prepare the solutions described in Table 1 and filter with a 0.22 μm filter. Receiver bottle should be single-use plastic. For water, use MilliQ water or other sterile and endotoxin-free equivalents to avoid endotoxin contaminations.




	Expanding HEK293T cells.	Grow HEK293T cells in 10 ml culture medium using 10 cm tissue culture dishes.

	Split cells at 80% confluency (split-ratio of 1:4, usually every 3rd day). Cells loosely attach to dishes and can be mechanically detached without trypsinization by rigorously pipetting up and down. The following trypsinization method allows for a more accurate monitoring of cell heath during cell passaging and cell plating for the next step, so it is our preferred method for passaging cells. To do this, remove medium, wash once carefully with 5 ml of room temperature PBS, then add 2 ml of Trypsin 0.05% EDTA and incubate inside 37°C incubator for 2 min. Add 10 ml of complete medium to quench reaction, remove all cells from dish and collect in 50 ml conical tube. Spin down at 400 x g for 5 minutes at 22°C. Discard supernatant, count the cells and plate in 10 cm tissue culture dishes.

	Plate cells the night before transfection to give 60-70% confluency at the day of transfection (seed around 5e6 cells per 10 cm plate in transfection medium-no antibiotics). A typical preparation size consists of 20 to 25 culture dishes with the expected yield around 700 μg of pure protein per plate.







Table 1 | List of reagents necessary for the purification of Gzms and GNLY.





3. Lipofectamine 3000 Transient Transfection of Gzms and Granulysin

	For transfection, ensure that cells are confluent around 70-90% as per L3000 product recommendations.

	Perform transfection using lipofectamine 3000 kit workflow. Use Opti-Mem for diluting L3000, DNA, and P3000. Do not mix L3000 with DNA directly because the DNA will precipitate, which will affect the transfection efficiency. First, dilute L3000 in one tube and in a separate tube dilute the DNA followed by addition of P3000. Use a ratio of 1:3 (DNA: lipofectamine). For a typical transfection, we suggest performing the transfection in 10 plates at a time to ensure that the timing between DNA-lipid complexing and addition to plates does not extend over 15 minutes. For more information, refer to manufacturer recommended settings.	For 10 plates, use 15 ml tubes:	Tube 1: 810 μl L3000, 5 ml Opti-mem.

	Tube 2: 5 ml Opti-mem, 135 μl DNA at 2 mg/ml (270 μg total), mix, then 540 μl P3000.

	Mix tube 1 with tube 2 by inverting three time (no vortexing) and leave at room temperature for 10-15 minutes.







	After 10 minutes, aliquot 1.15 ml of lipid:DNA complexes to each plate. This should not exceed the total incubation time of 15 minutes per reaction tube.

	Analyze transfection efficiency by taking 20 μl of supernatant at day 3 (D3) and D4 post-transfection for SDS-PAGE and staining with Coomassie Safe Blue stain.

	Typically, produced protein can be harvested at D4 post-transfection. Cells can be replenished with fresh growing medium and harvested again at D8 [cells can produce secreted protein up to D10 (39)]. D4 harvest can be stored at -20°C and thawed at 4°C overnight at D7 so it is ready to be combined with D8 harvest.





4. Purification of Gzms From Culture Supernatant by Nickel-IMAC

	Decant the cell culture harvested supernatants into 250 ml tubes and clear by centrifugation. Spinning at 400 x g, 10 min, 4°C will clear the medium from detached cells. These detached cells can be re-added to original dish in fresh medium to continue to produce the desired protein (data not shown). Transfer the clarified supernatant into fresh 250 ml tubes and spin at 4,000 x g, 30 min at 4°C to remove any remaining cellular debris.

	Add 5 ml of 5 M NaCl, 6.25 ml of 2 M Trizma hydrochloride solution pH 8 and 1 ml of 0.25 M NiSO4 per 250 ml of cleared supernatant. Filter the supernatant using a 500 ml vacuum filter unit (0.45 or 0.22 μm).

	Equilibrate all 5 ml Ni Sepharose beads. First wash them with water, and then with His-binding buffer A. Add the beads to the filtered supernatant, with the magnetic stir bar to bind the His-tagged protein to the resin overnight at 4°C (batch-mode).

	Pellet the beads in 250 ml tubes and add to manually packed 1.5 x 10 cm column. Attach the column to a suitable FPLC system at 4°C.

	Wash the column with His-binding buffer A at a flow rate of 0.5 ml/min until UV absorbance (A280) baseline is reached (usually 10 Column Volumes or CV). At zero absorbance, start the elution process.

	Elute proteins with a linear 60 ml gradient 0-100% Buffer B (10 mM to 1 M imidazole) at a flow rate of 1 ml/min while collecting 2 ml fractions. Analyze the elution fractions by SDS-PAGE and Coomassie staining. Loosely bound proteins to Nickel-IMAC column will elute very early on, so once at 10% Buffer B, run can be put on hold (machine running at constant % Buffer B) so that weakly bound proteins (serum proteins) can be eluted. Once the chromatogram returns to baseline, then the rest of the linear gradient can be resumed.





5. EK Treatment

	Pool desired protein containing fractions in a spinning dialyzing tube with 10 kDa MWCO for Gzms or 3 kDa for GNLY. Typical centrifugation protocol consists of spinning the tube at 3,000 x g for at least 15 minutes at 4°C. Store a small sample at -20°C as pre-EK control.

	Add 5 μg of EK directly to the pooled fraction in the dialysis tube and dialyze overnight (at least 16 hr.) at Room Temperature (RT) in EK-buffer (3 L) using dialyzer (10 kDa for Gzms and 3 kDa for GNLY).

	After incubation, change the EK buffer with fresh buffer, take small sample of EK-treated protein, and add 5 μg more of EK.

	Analyze EK treated-protein and compare to the pre-EK control by SDS-PAGE and Coomassie staining. A protein band shift is evidence of N-terminal processing.

	When N-terminal processing is complete, change dialysis buffer to MonoS buffer A (3 L) and dialyze for another 1-2 hrs at 4°C. Filter dialysate (0.45 μm).





6. Final Clean-up by MonoS Column (Cation Exchange Chromatography)

	Equilibrate a MonoS-column with MonoS buffer A. Load the sample on the column with a flow rate of 0.5 ml/min at 4°C.

	After sample loading, wash the column with MonoS buffer A until UV absorbance baseline is reached (about 10 CV). Elute the proteins with a 30 ml linear gradient (150 to 1,000 mM NaCl). GzmA elutes at ~650 mM NaCl, GzmB at ~700 mM NaCl and GNLY at ~750 mM NaCl.

	Analyze elution fractions by SDS-PAGE and colorimetric assays (see below). Pool fractions containing proteins and concentrate (about 30-fold, to a concentration of at least 100 μM) in spin filters (15 ml, 10 kDa MWCO for Gzms and 3 kDa for GNLY).

	Optional:	Remove potential endotoxin presence (although attention should be taken throughout purification process not to introduce any) by adding concentrated sample into Endotrap column. Concentrated sample should be diluted at least 1:10 in Endotrap equilibration buffer (20 mM HEPES, 150 mM NaCl, 0.1 mM CaCl2, pH 7.5). Collect liquid after 1st CV and concentrate in a sterilized spin filter (one rinse with 0.1N NaOH followed by wash with endotoxin free water and one wash with storage buffer). After concentration, protein sample can be diluted into desired storage buffer, and then concentrated again. Storage buffer for most of our applications is MonoS Buffer A (50mM HEPES, 154mM NaCl, pH 7.4) as we have not measured any buffer interference in our biological assays in terms of cytotoxicity and interaction with primary cells. Our proteins are concentrated to around ~700 μM, and for most of our applications the concentration needed is between 20 pM and 200 nM (1:3,500-35,000,000 dilution into final reagent).




	Aliquot the concentrated Gzm preparations and store at -80°C in screw cap tubes to avoid sample loss.





7. Characterization of Final Product

	For all purified cytotoxic granule components:	SDS-PAGE followed by both Coomassie and Silver staining to detect potential protein contaminants, as well as Western Blot analyses to confirm identity of detected proteins.

	Colorimetric assays to measure protein substrate cleavage efficiency (or to monitor loss of enzymatic activity in protein variants).

	Biological assays measuring known biological effects mediated by purified proteins.




	For GzmA:	SDS-PAGE (silver staining and western blot) both under reducing and non-reducing conditions to confirm homodimer presence and correct protein folding.

	BLT esterase assay-protocol and calculation of specific activity adapted from (17):	Substrate Z-L-Lys-SBzl hydrochloride is added to 96 well plates with a serial dilution between 19.5-2,500 µM. Assay buffer is 50 mM Tris, 154 mM NaCl, pH 7.5 in presence of 0.55 M (5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) chromophore. 120 pM of protein is added per well and substrate hydrolysis is quantified by measuring the absorbance at 405 nm using plate reader. Esterolytic activity is reported as rate of hydrolysis using extinction coefficient of 13,100 M-1cm-1 for the 3-carboxy-4-nitrophenoxide ion. Specific activity is measured as nM product/min/nM of enzyme present.




	Mycobacterial Growth Inhibition Assay-protocol adapted from (17):	Primary CD14+ monocytes are thawed from Peripheral Blood Mononuclear Cells (PBMC) and plated in round-bottom 96-well plates in R+2 (RPMI-1640 + 10% human HAB serum + 1% l-glutamine). The monocytes are then infected with Connaught BCG (Multiplicity of Infection = 3) and treated with 200 nM GzmA. After overnight infection, cells are gently washed with R+2 medium three times to remove extracellular BCG and resuspended in R+2 medium. After 72 h co-culture, cells are lysed with saponin solution in RPMI-1640, and the reaction is quenched after 2 h with 100 µL 7H9+ADC containing 1 µCi 5,6-3H-uridine. After 72 h, plates are harvested onto glass fiber filter papers (filtermats). Filtermats receive Illumina Gold F scintillation fluid and are imaged using a MicroBeta2 liquid scintillation counter that measures Disintegration Per Minute (DPM). The % inhibition is calculated as: 100 – 100 x (DPM from wells treated with GzmA and infected with BCG/DPM from wells infected with BCG).







	For GzmB:	SDS-PAGE (silver staining and western blot).

	AAD assay: 5 μl of FPLC fractions or 400, 100, 25 nM concentrations of recombinant GzmB with comparison to native samples are combined with 200 μl of AAD assay buffer in a 96-well flat-bottom plate. Followed by incubation at 37°C for 5 minutes, the spectrophotometric cleavage activity of the active protein is measured by absorbance at the optical density of 405 nm.

	Granzyme mediated Annexin-V/Propidium iodide (PI) assay: The target cells (Jurkat) are washed once with 5 ml buffer C and resuspend at 105 cells/well in a 96-well V-bottom plates in 30 μl buffer C. Perforin and purified recombinant GzmB is diluted in 30 μl buffer P to 2X the sublytic dose and added to the cells along with PFN only, granzyme only, and buffer-only treated cells. The cells are incubated for 60 min at 37°C and 100 μl of An5 buffer is added to each well. After centrifugation for 3 min at 500 x g, the cells are resuspended in 100 μl An5 buffer containing APC-conjugated Annexin V (1:33 dilution) and incubated for 10 min at room temperature in the dark. The cells are washed once in 100 μl An5 buffer and resuspend in An5 buffer containing 2 μg/ml propidium iodide and analyzed by flow cytometry (35).

	Biological assay is the ability of GzmB in combination with GNLY to suppress the growth of extracellular E. coli. 250 nM of GzmB are incubated with 100 nM of GNLY and bacterial growth is measured over time by OD600 readouts (26, 27).




	For Granulysin:	Western Blot that looks at His-tag presence using Anti-His antibody. Thus, EK cleavage efficiency can be monitored as final product will become Anti-His negative.

	Biological assay is the ability of GNLY to suppress the growth of extracellular E. coli. 100 nM of GNLY is incubated and bacterial growth is measured over time by OD600 readouts (26, 27).








Statistical Analysis

For generation of graphs and statistical analysis we used GraphPad Prism version 9.0.0 for Mac, GraphPad Software, San Diego, California USA, www.graphpad.com.




Results


Improved Purification Process for the Production of Gzms

We have modified several steps in the recombinant protein expression and purification protocol for GzmA and GzmB (38), with the process schematically represented in Figure 1. As shown in Figure 1A, the switch from calcium phosphate to lipofectamine delivery allowed us to use significantly less cells (5e8 cells vs 1.75e8 cells), and correspondingly less plasmid DNA (2 vs 0.27 mg). In parallel, the previous transient transfection procedure included only 8-12 hours incubation before changing to a serum-free medium, while our new transfection protocol extends the incubation in medium with serum for 96 hours before adding fresh medium on D4. The previous method included the use of Ex-cell HEK293 serum-free medium (Sigma # 14571C-500ML), which allowed transfected cells to produce protein and proliferate (data not shown).




Figure 1 | Schematic representation of improvements and summary of steps necessary for purification of Gzms and GNLY. (A) Comparison of the old vs new protocols, HEK293T cells are transiently transfected with lipofectamine 3000 instead of calcium phosphate. Cells are then incubated for 96 hours in transfection medium without the need for washing away the calcium phosphate transfection solution with PBS, and subsequent resuspension in serum-free medium. Secreted protein is harvested at D4, cells are resuspended in fresh medium, and harvested again at D8. (B) Secreted proteins are then purified using Ni-IMAC purification by isolation of His-tag on recombinant proteins and removal of bulk serum proteins. (C) Scheme showing that following EK activation, the His-tag is removed from the final recombinant protein. (D) EK cleavage under isotonic solution activates final protein and prevents sample loss, while hypotonic solution leads to protein precipitation and loss of sample recovery. Created with BioRender.com.



For improved purification, D4 and D8 supernatants were combined, and cell debris removed by centrifugation and filtration. The combined supernatants were incubated overnight with nickel Sepharose beads and then washed with His-buffer A to remove weakly bound proteins. As shown schematically in Figure 1B and in a representative image of A280 monitoring during His-buffer B elution in Figure 2A, the bound proteins are eluted with a linear gradient from 0-100% of His-buffer B, corresponding to 10-1000 mM imidazole. When 40% His-buffer B (~400 mM Imidazole) is achieved, Gzms start to elute. SDS-PAGE followed by Coomassie stain is used to identify which fractions to combine for the next steps as shown in Figure 2B.




Figure 2 | Ni-IMAC purification and EK activation of Gzms. (A) Representative chromatogram of a Ni-IMAC column run for GzmA (similar layout for GzmB) showing elution of serum proteins first (starting at fraction 6, peaking at 10), then elution of GzmA+ fractions (starting at fraction 13 and ending at fraction 28). (B) Coomassie stained SDS-PAGE under reducing conditions (GzmA monomer pre-EK activation runs at 31 kDa). On the left, Molecular Weight (MW) markers. (C) Example of band shift for GzmA following EK activation after overnight incubation. GzmA monomer on the left (under reducing conditions) transitions from 31 kDa to 27 kDa, while GzmA homodimer on the right transitions from 62 kDa to 54 kDa. Other bands other than GzmA monomer and homodimer reflect oligomers of GzmA (multiples of GzmA homodimer and of unknown significance). On the left, MW markers. (D) On the left, loading control of pre and post-EK GzmB by silver staining, and on the right the final product displays a profoundly reduced His-tag as shown for GzmB (26 kDa) by Anti-His WB. The significantly lower band intensity on the right is indicative of near complete EK cleavage. On the left, MW markers.



Pooled and concentrated fractions are then incubated overnight with EK to activate the proteins as represented schematically in Figure 1C. It was originally noted that EK cleaves more efficiently at low salt concentrations (e.g., 50 mM NaCl) (38, 40). However, we observed significant protein precipitation after overnight dialysis in hypotonic solution as shown in Figure 1D. Thus, we altered the EK buffer to an isotonic solution which prevented protein precipitation and allowed EK to cleave Gzms. The recombinant human EK from CHO cells used in our protocol can cleave and activate target proteins in isotonic buffer conditions as shown by the band shift of Gzms in Figure 2C and the loss of the His signal by western blot in Figure 2D. On the left of Figure 2D, silver stains show that samples pre and post-EK were comparable in terms of protein loading, while on the right, the EK-cleaved GzmB sample shows that only a significantly small portion of total prep remains uncleaved. The recombinant Gzm plasmids were engineered to express the 6x poly His Tag at the N­terminus of the DNA upstream of the EK cleavage site. This is an optional step that allows the researcher to monitor EK activation efficiency by probing post-EK protein with Anti-His antibody; a lower molecular weight confirms that the secretion signal containing the His tag has been cleaved. This shift in MW is more evident with homodimeric GzmA as two His tags are cleaved, while monomeric GzmB has only one.

After confirmation of EK cleavage, proteins were dialyzed into MonoS-buffer A, and then separated as shown in the representative chromatogram shown in Figure 3A. As shown in Figure 3B, the fractions contain predominantly the reduced GzmA monomers (~31 kDa) and were enzymatically active as measured by specific Gzm peptide substrates. The BLT assay is used for GzmA as shown in Figure 3C and for GzmB the AAD assay is used as shown in Figure 3D. Proteins are then concentrated, undergo endotoxin removal using Endotrap columns. As shown by silver stain and western blot in Figures 4A, B, GzmA is highly pure and able to form homodimers (as well as multimers – previously reported in (14, 17) and of unknown significance). For Figure 4C, the differences between native, recombinant GzmA purified using old protocol vs new protocol are analyzed for purity by silver stain. To confirm that all purified proteins are capable of cleaving substrates, the specific activity of each purified GzmA was compared and showed no difference at cleaving BLT as shown in Figure 4D. In Figures 4E, F, highly purified GzmB is shown by silver stain and western blot. Like GzmA, in Figure 4G we compared Native to New recombinant GzmB enzymatic activity at different protein concentrations, and it appears that recombinant GzmB performs better than native counterpart, probably owing to a purer final product. In Figure 4H, the biological activity of GzmA in a Mycobacterial Growth Inhibition Assay (MGIA). While the old purification protocol produced inhibitory GzmA [purified per (38)], the new protocol yields more biologically potent GzmA similar to native GzmA [purified per (35)]. Similarly, in Figure 4I, recombinant GzmB produced using this new protocol performed significantly better than native GzmB [purified per (35)] at suppressing extracellular bacterial growth after delivery into the organisms with GNLY addition. To further compare native vs new recombinant GzmB, we performed an Annexin V and PI staining of target cells incubated with and without perforin, and the results are shown in Figure 4J.




Figure 3 | MonoS purification of Gzms. (A) Representative chromatogram of MonoS run for GzmA (similar layout for GzmB) showing elution of GzmA around 650 mM NaCl (e.g., fractions 12 through 27). (B) Fractions 14 through 24 were probed by SDS-PAGE under reducing conditions followed by Coomassie staining, which show GzmA monomer at 27 kDa. On the left, MW markers. (C) Substrate activity assay for GzmA (BLT assay) using the MonoS fractions, where substrate is in excess compared to protein. (D) Substrate activity assay for GzmB (AAD) using MonoS fractions.






Figure 4 | Purity and yield of Gzms. GzmA purity was assessed by silver stain (A) and Western Blot (WB) (B) under reducing conditions showing GzmA monomer at 27 kDa, and non-reducing conditions showing GzmA homodimer at 54 kDa. Under non-reducing conditions, GzmA homodimer and multimers are present. On the left, MW markers. (C) Silver stain comparing Native GzmA [purified per (35)], Recombinant GzmA purified using old protocol vs new protocol under reducing conditions. Monomer band shows at around 27 kDa and on the left MW markers. (D) Specific activity of GzmA after analyzing the enzyme kinetics at cleaving substrate BLT and comparison between native, old protocol rec GzmA and new protocol rec GzmA (data representative of three independent experiments; ns calculated using student t test; means and SD). (E, F) present similar purity results for GzmB and comparisons between native (purified per [35)] and new recombinant purification (GzmB runs at 27 kDa). On the left, MW markers. (G) Comparison of native vs new recombinant GzmB’s enzymatic activity as measured by cleavage of AAD at different protein concentrations (n=3 independent experiments, mean and SD, student t test). (H) GzmA-mediated functional potency as measured by the MGIA, and comparison between proteins purified with the native method, the old recombinant method, and the new recombinant method (n=8 human subjects, data representative of at least two independent experiments; means and SEM). (I) GzmB suppresses extracellular E.coli growth after delivery into bacteria with added GNLY (averaged data representative of at least two independent experiments). (J) Background adjusted percentage of apoptotic cells as measured by Annexin V and PI staining after incubation of proteins with Jurkat cells (n=2, mean). (K) Comparison of yields of Gzms (GzmA and GzmB) between native, old, and new protocols (data representative of multiple independent purifications involving different operators and sites; means and SEM).



In Table 2, we compared the cell expansion times, total purification times, purity levels, advanced equipment necessary, yields per purification, DNA amounts needed, costs per purification, and the overall efficiency. As shown, our updated protocol provides many advantages compared to other protocols (35, 38). As shown in Figure 4K, our system has allowed us to increase the final yields of purified Gzms compared to the yields obtained with other protocols (35, 38).


Table 2 | Comparisons between native, old recombinant (38), and new recombinant protocols.





GNLY Purified With the Mammalian Expression System Is Biologically Active

GNLY was purified using the improved protocol as summarized in Figure 1 and production was monitored in Figure 5 using secreted protein supernatants. Similar to Gzms, GNLY elutes from Ni-IMAC column around 40% His-buffer B. In Figure 5A, the medium supernatant at D4, D6, and D8, and the Ni-IMAC fractions show GNLY presence after SDS-PAGE and Coomassie staining. The fractions containing GNLY were pooled for subsequent EK treatment and further purification. In Figure 5B, EK treatment cleaves the His-tag similarly as in Figure 2D. In Figure 5C, the GNLY MonoS fractions are shown as well as the native GNLY protein [purified per (35)] in the second lane for comparison. Finally, in Figure 5D, pure GNLY is shown by SDS-PAGE and silver stain.




Figure 5 | Mammalian GNLY production: purification, activation, and characterization. (A) GNLY (11 kDa bands) is secreted into the supernatants of transiently transfected cells and detected at D4, D6, and D8. Ni-IMAC fractions are tested by Coomassie-stained SDS-PAGE to confirm GNLY separation. On the left, MW markers. (B) Loading control for GNLY on the left under SDS-PAGE, while on the right GNLY activation EK activation (loss of His-tag). On the left, MW markers. (C) Native GNLY in lane 2 for comparison and MonoS fractions (14 through 23) after silver staining. On the left, MW markers. (D) GNLY purity was assessed by SDS-PAGE after GNLY+ MonoS fractions were pooled together. On the left, MW markers. (E) GNLY-mediated inhibition of E. coli and comparison between native and recombinant samples using 250 nM of GNLY.



The final yield obtained was 7 mg from 10 - 10 cm2 plates of HEK293T cells (from 200 ml of total supernatant giving a final yield of 35 μg pure protein per ml of supernatant, which is in line with the Gzms purifications). Pooled GNLY fractions are then tested in the antimicrobial assay (26, 27). E. coli were treated with 250 nM of native vs recombinant GNLY or left untreated before monitoring bacteria viability in growth assays. Recombinantly expressed GNLY appears to better inhibit bacterial growth as shown in Figure 5E.




Discussion

The purification in high yields of cytotoxic granular proteins in a reliable and consistent manner has been a significant barrier in the field of immunology. Early native purification protocols did not exclude contamination with other granular proteins in the final products (32). For instance, GzmA was routinely co-purified with Granzyme K, and could not be distinguished as they both cleave the BLT substrate. Only with the commercialization of high-quality monoclonal antibodies against GzmA and GzmK have researchers been able to separate fractions to avoid potential co-contaminants from native purifications (35). The sequencing of the human genome and the development of cDNAs that include all human Gzms and GNLY allowed the recombinant expression of these proteins first in bacteria (29–31), later in yeast (41, 42), and finally in insect cells (33, 43). While all these methods allow protein production, bacterial expression is associated with contamination of the final product with endotoxins (44), skewing assay results particularly when working with cells that are sensitive to this stimulus. Pichia pastoris expression does not produce endotoxin, however, like bacterial expression systems, the granzyme products do not normally have native glycosylations known to be important for normal protein physiology (45). While monitoring and comparing post-translation modifications in Gzms between native, old recombinant, and new recombinant protocols was beyond the scope of this work, it is important to point out that there continues to be a knowledge gap on their role in biology as highlighted in (4, 46, 47).

In this work, we have used transient transfection in a mammalian expression system using HEK293T cells, lipofectamine 3000, and isotonic buffers. Compared to previous work (38), our protein products (GzmA, GzmB and GNLY) are purified in large yields, with a cost-efficient method, are more biologically active, and are therefore useful in complex immunological assays. Previous expression of GzmB through stable transfection gave purification yields of ~4 mg/L of culture supernatant (45), while our new method yields much larger amounts up to 40 mg/L of culture supernatant. Our process involves a faster purification, results in high purity products, does not involve the use of advanced equipment, provides larger yields, needs less plasmid DNA, and overall is significantly more cost-effective (Table 2). The lower amount of DNA allowed us to use Maxi instead of Giga DNA preps to purify plasmid DNA, which further decreased our protein expression cost. The main improvements in our protocol are: 1) the transition from calcium phosphate transfection to lipofectamine 3000, 2) the use of transfection medium that contains serum proteins for optimal cell viability, 3) the extended production over 96 hours, 4) the use of isotonic buffers throughout the purification process, and 5) the translocation of the His tag upstream of EK site for monitoring protein activation (Figure 1). Use of lipofectamine 3000 or similar reagents are highly recommended for higher transfection efficiencies than lipofectamine 2000 (48). These changes have significantly improved the yield of our protein purifications as shown in Figure 4G and allowed for the purification of recombinant human GNLY (Figure 5). Our recombinant system also facilitates site-directed mutagenesis and has been successfully employed to mutate a key amino acid within the active site of Granzyme A (GzmA-S195A) (17).

There were previous reports of GNLY expression in bacteria (1, 49), yeast (32), and insect cells (33), but to the best of our knowledge, this is the first time that GNLY has been successfully purified in a mammalian expression system. As shown in Figure 5E, GNLY expressed with our method has greater antimicrobial activity compared to previous purifications. Similarly, as shown in Figures 4E, F, GzmA and GzmB purified with this updated protocol give a better biological response at inhibiting intracellular mycobacterial growth (GzmA) and suppressing extracellular bacterial growth (GzmB) than the previous purification protocol.

The construct that was used in our purification process uses an EK cleavage site at the N-terminus of the proteins. The overnight EK cleavage in hypotonic solution was believed to be required for optimal enzymatic activity (38). However, as shown in Figure 1D, most of the protein produced precipitates in this solution, suggesting that, at least for Granzyme A, salt concentration is key for proper protein folding. Previous studies hinted at this possibility (34), in which GzmA activity dropped by 66% when treated with hypotonic detergent washes. For GzmB, the activity drop was even greater (by 94%). Given the presence of granzymes in serum, we hypothesized that isotonic conditions would favor promotion of native protein structure. When comparing the old protocol to this new protocol, the role of hypotonicity in lowering activity is shown by decreased inhibition of intracellular mycobacteria as presented in Figure 4E.

Previous failed attempts at purifying active GNLY from a mammalian expression system could also have been due to the hypotonic conditions, and studies have also shown GNLY’s antimicrobial activity is influenced by salt concentration (25). Thus, we recommend maintaining human serum physiological conditions during the purification process (154 mM NaCl and pH 7.4) and storing the final product in 50 mM HEPES buffer. Our proteins are concentrated to ~700 μM and for most of our applications, the concentration needed is between 20 pM and 200 nM (1:3,500-35,000,000 dilution into final reagent).

The increase in biological activity for Gzms and GNLY (Figures 4E, F, 5E) could be due to an increased purity of the final proteins, as well as the increased protein stability by use of this updated protocol. In fact, it is known that high protein concentration allows protein to remain more stable and in solution (50).

In conclusion, we have established an improved cytotoxic granular protein production process using a mammalian expression system that allowed us to purify large yields of Gzms and express human GNLY for the first time. This robust purification system allows the researcher to obtain enough protein material for in-depth studies to unravel unknown mechanisms involved in protection against infections and cancers, while also opening new doors for therapeutic applications. GNLY is considered as a potential alternative to antibiotics (51–53), while GzmB was found to be highly effective in limiting human tumor progression (28). The use of readily available equipment and reagents will allow researchers of all backgrounds to use these tools and significantly contribute to a better understanding of the function of these proteins and their translation to human medicine.
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Cytotoxic lymphocytes are critical in our immune defence against cancer and infection. Cytotoxic T lymphocytes and Natural Killer cells can directly lyse malignant or infected cells in at least two ways: granule-mediated cytotoxicity, involving perforin and granzyme B, or death receptor-mediated cytotoxicity, involving the death receptor ligands, tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) and Fas ligand (FasL). In either case, a multi-step pathway is triggered to facilitate lysis, relying on active pro-death processes and signalling within the target cell. Because of this reliance on an active response from the target cell, each mechanism of cell-mediated killing can be manipulated by malignant and infected cells to evade cytolytic death. Here, we review the mechanisms of cell-mediated cytotoxicity and examine how cells may evade these cytolytic processes. This includes resistance to perforin through degradation or reduced pore formation, resistance to granzyme B through inhibition or autophagy, and resistance to death receptors through inhibition of downstream signalling or changes in protein expression. We also consider the importance of tumour necrosis factor (TNF)-induced cytotoxicity and resistance mechanisms against this pathway. Altogether, it is clear that target cells are not passive bystanders to cell-mediated cytotoxicity and resistance mechanisms can significantly constrain immune cell-mediated killing. Understanding these processes of immune evasion may lead to novel ideas for medical intervention.
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Introduction

Cytotoxic lymphocytes, including cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells, are able to directly lyse malignant or infected cells using multiple mechanisms. Granule-mediated cytotoxicity involves the release of lytic granules containing perforin and granzymes, while death receptor-mediated cytotoxicity utilises tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) or Fas ligand (FasL) that bind death receptors on the surface of the target cell (1–3). In addition to these classic cytotoxic pathways, there is increasing evidence that the tumour necrosis factor (TNF) pathway also significantly contributes to lymphocyte cytotoxicity (4). Activation of these pathways can lead to cell death in several forms, including necrosis, apoptosis, necroptosis, and pyroptosis (5).

Lymphocyte cytotoxicity is triggered upon contact with a cancerous or infected target cell if sufficient activating signals are received. For CTLs, this requires initial priming by antigen presenting cells followed by T cell receptor recognition of specific target cell antigens, whereas activating receptors on NK cells recognise a range of germline-encoded ligands without prior activation (6, 7). The area of cell-cell contact between a lymphocyte and a target cell is termed an immune synapse, on account of it being a highly organised interface involving cytoskeletal and membrane rearrangement (8–12). Integration of multiple activating and inhibitory pathways within the lymphocyte determines the outcome of this interaction with a target cell (13, 14). Malignant or infected cells may, therefore, evade immune recognition through the downregulation of activating signals or the upregulation of inhibitory signals. These immune evasion mechanisms – for example reducing antigen recognition, triggering immune checkpoints, secreting immunosuppressive cytokines, as well as excluding immune cells from the microenvironment – have been extensively reviewed elsewhere (15–18). And of course, many immunotherapies have been developed to target these types of immune escape mechanisms, such as checkpoint inhibitors, adoptive cell therapy, and cancer vaccines, all of which aim to enhance immune cell activation (6, 19).

However, evasion of lymphocyte cytotoxicity may also occur downstream of immune cell activation. Even if a cytolytic response is triggered by the lymphocyte, target cells are not passive bystanders to lymphocyte cytotoxicity. This is because mechanisms of cell death generally rely on active pro-death signalling within the target cell (5). Indeed, evasion of cell death and apoptosis is considered a critical hallmark of cancer (20). Therefore, resistance to lymphocyte attack may arise through resistance to the mediators of cytotoxicity, including perforin, granzymes, and death receptor ligands. Here we review the molecular details behind cell-mediated killing and then examine our current understanding of how target cells may resist these cytotoxic processes as immune evasion strategies.



Mechanisms of Lymphocyte Cytotoxicity


Granule-Mediated Cytotoxicity

Following activation, effector cells polarise their microtubule organising centre (MTOC) and lytic granules towards the immune synapse, then release the contents of these granules across the synaptic cleft (21–23). Granule-mediated cytotoxicity is dependent upon the release of perforin and granzymes from granules contained within cytotoxic lymphocytes (Figure 1). Perforin is a pore-forming protein that forms ring-shaped lesions capable of mediating ion flux as well as the uptake of larger molecules, such as granzymes (24). Granzymes are a family of serine proteases that cleave a variety of target proteins within cells in order to induce apoptosis. Five granzymes have been identified in humans, A, B, H, K, and M, but granzyme A and B have been characterised most extensively (25, 26).




Figure 1 | Mechanisms of lymphocyte cytotoxicity. Following activation, cytotoxic effector cells can kill through granule-mediated cytotoxicity, death receptor-mediated cytotoxicity, or TNF-mediated cytotoxicity. (A) During granule-mediated cytotoxicity, perforin and granzymes are released from lytic granules into the synaptic cleft. Perforin forms pores in the target cell membrane. At high concentrations of perforin, osmotic flux through pores leads to cell swelling and necrotic cell death. Perforin can facilitate the uptake of granzyme B through direct diffusion or endocytosis. Granzyme B directly cleaves caspase 3 to induce apoptosis or triggers the mitochondrial apoptotic pathway via Bid cleavage into tBid. tBid recruits Bax/Bak leading to mitochondrial outer membrane permeabilization (MOMP) and apoptosis. Granzyme B may also degrade Mcl-1 releasing Bim to activate MOMP. Granzyme B can also cleave ICAD contributing to DNA damage, α-tubulin leading to cytoskeletal degradation, or gasdermin E, which forms pores in the cell membrane to induce pyroptosis. (B) Ligation of death receptors (Fas/DR4/DR5) by FasL or TRAIL triggers assembly of the death-inducing signalling complex (DISC) composed of FADD and pro-caspase 8/10. Caspase 8/10 induces apoptosis via direct caspase 3 cleavage or the mitochondrial apoptotic pathway via Bid cleavage. (C) Ligation of TNFR1 by TNF triggers the assembly of complex I (TRADD, RIPK1, TRAF2, cIAP1/2). LUBAC ubiquitinates complex I components leading to pro-survival signalling via NF-κB and MAPK pathways. In the absence of ubiquitination, RIPK1 dissociates and forms complex II with FADD and pro-caspase 8/10. Cleavage of pro-caspase 8/10 triggers apoptosis by the same pathways as FasL/TRAIL. In the presence of insufficient pro-caspase 8, RIPK1 can also recruit RIPK3, which activates MLKL to trigger necroptosis.



Granule-mediated cytotoxicity can result in cell death through two mechanisms (Figure 1). The first is necrotic cell death induced by rapid osmotic flux through perforin pores and membrane rupture, which can be observed upon exposure to high concentrations of perforin (27, 28). The second is apoptotic cell death induced by perforin-mediated uptake of granzyme B into the target cell. Two primary models have been proposed to account for the entry of granzyme B into target cells: direct diffusion through perforin pores in the cell membrane, or perforin-induced endosomal uptake of granzymes. Perforin pores observed by electron microscopy have been measured to be physically large enough to permit the diffusion of granzymes into the target cell cytoplasm (29). Furthermore, intracellular granzyme B activity can be observed within minutes of adding exogenous granzyme B and perforin to target cells (30), which is faster than has been observed for endosomal uptake of granzyme B (31). Conversely, perforin has been shown to trigger a calcium-dependent membrane repair response that triggers the endocytosis of granzyme B, and granzyme B-positive endosomes can be observed within target cells following interaction with NK cells (31–33). It is possible that these two pathways work in parallel or in different cellular contexts to facilitate the uptake of granzyme B into target cells. Recent evidence demonstrated that perforin and granzyme can also be secreted from CTLs and NK cells in complexes, termed supramolecular attack particles (SMAPs), bound by the adhesive glycoprotein thrombospondin-1 (34, 35). Further understanding of SMAP biology may shed light on whether or not the two models of granzyme B delivery work synergistically or independently.

Once within a target cell, granzymes can trigger cell death through several pathways, and the specific pathways that are activated are dependent on the identity of the granzyme. Granzyme B is the most potent member of the granzyme family and can induce apoptosis within minutes of delivery (30). This occurs through either direct cleavage of caspases by granzyme B or via activation of the mitochondrial pathway of apoptosis. Direct cleavage of caspases, such as caspase 3, one of the executioner caspases, is the primary mechanism by which mouse granzyme B induces apoptosis (25). Caspase 3 cleaves several targets including inhibitor of caspase-activated DNase (ICAD) and gelsolin, which leads to DNA damage and cytoskeletal disruption, respectively (36). Both human and mouse granzyme B can also trigger the mitochondrial apoptotic pathway, which is characterised by mitochondrial outer membrane permeabilization (MOMP) (37–39).

MOMP is regulated by the Bcl-2 family, which is made up of three classes: pro-apoptotic BH3 proteins (e.g. Bid, Bim), pro-apoptotic effector proteins (e.g. Bax, Bak), and anti-apoptotic proteins (e.g. Bcl-2) (40). Granzyme B triggers MOMP by cleaving Bid into its active, truncated form (tBid) (37). After cleavage, tBid recruits the pore-forming effector proteins, Bax and Bak, to the mitochondrial membrane where they form pores that mediate MOMP and the release of additional apoptotic mediators, such as cytochrome c (40). This process can be opposed by the action of anti-apoptotic Bcl-2 proteins, which bind and inhibit pro-apoptotic Bcl-2 members (40). Importantly, granzyme B can also induce degradation of these anti-apoptotic Bcl-2 proteins, such as Mcl-1, leading to the release of the pro-apoptotic BH3 protein, Bim, which activates Bax/Bak and triggers apoptosis (38, 41). A granzyme B-mediated mitochondrial apoptotic pathway, independent of Bax/Bak, has also been identified, and occurs through cleavage of mitochondrial proteins involved in the electron transport chain and production of reactive oxygen species (42–44).

Granzyme B can also cleave several additional targets that contribute to cell death. For example, granzyme B can directly cleave the caspase 3 substrate, ICAD, leading to DNA damage (45) or cleave α-tubulin, causing cytoskeletal disruption during apoptosis (46, 47). Recently, granzyme B was also found to cleave and activate the pore-forming protein gasdermin E, leading to an alternate form of cell death, pyroptosis, through the formation of gasdermin pores in the cell membrane (48, 49). Pyroptosis is a more inflammatory form of cell death compared to apoptosis and relies on the formation of pores in the cell membrane by members of the gasdermin family (5, 50). Cleavage of gasdermin E by granzyme B is a potent mechanism by which cytotoxic lymphocytes can kill cancer cells and control tumour growth (48).

Compared to granzyme B, granzyme A is a far less efficient inducer of cell death and triggers apoptosis at a slower rate (51). Granzyme A-induced apoptosis is caspase-independent and, although its targets are not fully defined, is mediated by cleavage of a variety of nuclear, mitochondrial, and cytosolic proteins (52, 53). Recently, granzyme A was also shown to trigger pyroptosis of cancer cells through cleavage of the pore-forming protein, gasdermin B (54, 55). In murine tumours, gasdermin B expression synergised with checkpoint blockade to promote tumour clearance by cytotoxic lymphocytes (54). Likewise, in the context of infection by Shigella flexneri, granzyme A secreted by NK cells was found to cleave gasdermin B within the infected cell (55). Cleaved gasdermin B demonstrated microbiocidal activity by forming pores within the bacterial membrane in order to protect the host cell. Less is known about the function and role of the other granzymes (K, H, and M) expressed by human lymphocytes.



Death Receptor-Mediated Cytotoxicity

Cytotoxic lymphocytes may also kill target cells through the expression of ligands for death receptors. Two prototypical ligands have been identified that mediate apoptosis: FasL, which binds the Fas receptor, and TRAIL, which binds death receptors 4 and 5 (DR4/5) (56). Although FasL and TRAIL bind different receptors, both ligands trigger similar pro-apoptotic signalling (Figure 1). Both FasL and TRAIL are transmembrane proteins that belong to the TNF superfamily and can be expressed on cytotoxic immune cells upon cytokine stimulation or interaction with a target cell (1, 57). Upon binding of FasL or TRAIL to their respective receptors, assembly of the death-inducing signalling complex (DISC) is triggered. The DISC consists of the death receptor, Fas-associated death domain protein (FADD), and pro-caspase 8 or 10 (56). The DISC mediates cleavage of pro-caspase 8/10 to release the active caspase, which can then activate the executioner caspases 3, 6, and 7. Caspase 8 can further amplify apoptotic signalling by cleaving Bid to activate the mitochondrial pathway of apoptosis, similar to granzyme B (56).



TNF-Mediated Cytotoxicity

TNF is a cytokine capable of inducing both pro-survival and pro-death signalling depending on the precise cellular context. Although the receptors for TNF, TNF-R1 and TNF-R2, belong to the same family as the receptors for FasL and TRAIL, the downstream signalling pathways are distinct (4). Of the two receptors for TNF, only TNF-R1 is able to trigger cell death through its cytoplasmic death domain, which recruits a key adaptor protein, TNF receptor-associated death domain (TRADD) (4). Conversely, both TNF-R1 and TNF-R2 contain a TNFR-associated factor (TRAF) binding site that recruits TRAF1/2, which is involved in triggering pro-survival signalling via the NF-κB and MAPK pathways.

The pro-survival and pro-death signalling pathways controlled by TNF-R1 ligation are mediated by the assembly of two signalling complexes, complex I and II, respectively (4, 58). Complex I, which mediates pro-survival signalling, is composed of several proteins, including receptor interacting serine/threonine protein kinase 1 (RIPK1), TRAF2/5, cellular inhibitor of apoptosis 1/2 (cIAP1/2), and linear Ub chain assembly complex (LUBAC). LUBAC-mediated ubiquitination of complex I components leads to the recruitment of additional kinase complexes involved in NF-κB and MAPK survival signalling (4). Survival signalling through complex I is generally the default pathway triggered by TNF-R1 ligation. However, in certain cell states, TNF-R1 signalling can switch instead to pro-death signalling mediated by complex II, which is composed of RIPK1, FADD, and pro-caspase 8 (4, 58, 59). Assembly of complex II occurs when RIPK1 is not ubiquitinated, such as in the absence of the complex I-associated proteins cIAP1/2 and LUBAC (59, 60). Non-ubiquitinated RIPK1 dissociates from TRADD and recruits FADD and pro-caspase 8 leading to similar pro-death signalling as TRAIL/FasL (4). When caspase 8 activation is not sufficient, complex II can also lead to necroptotic cell death. This occurs through autophosphorylation of RIPK1, leading to the recruitment and autophosphorylation of RIPK3 followed by activation of mixed lineage kinase domain-like (MLKL), which induces necroptosis (4). Altogether, much remains to be understood about the signalling that regulates the varying effects of TNF and how this can change in different cell states.




Mechanisms of Resistance to Cytotoxicity

Overall, there is a reliance on active processes and signalling pathways within the target cell to execute CTL and NK cell killing. This implies that each distinct mechanism of cell-mediated killing can be open to an evasion strategy by the target cell. Indeed, malignant and infected cells develop a variety of mechanisms to evade cytolytic death.

The existence of these resistance mechanisms is readily observed when tracking interactions between cytotoxic lymphocytes and target cells in vitro. Even when CTLs are activated during an interaction with a target cell – as indicated by a rapid increase in calcium concentration within the effector cell – the target cell does not always die (61, 62). In some cases, CTLs may produce a sublethal hit, which is characterised by a transient calcium flux, indicative of perforin pore formation, but no cell death (62). Alternatively, in some effector-target interactions, no calcium flux could be observed in the target cell despite apparent activation of the effector cell, indicating that perforin did not form pores in the target cell membrane. A similar study demonstrated that cancer cells often recover even after a cytotoxic hit that triggers a large calcium flux, structural perturbations, and DNA damage (61). The target cancer cells were observed to rapidly restore calcium homeostasis, recover nuclear integrity after structural damage, and even repair DNA to stop apoptosis at its later stages (61). Clearly, not every interaction between a cytotoxic lymphocyte and its target results in death. While some of this survival could be attributed to stochastic variability, specific methods by which target cells can evade cytotoxicity can have a profound impact on the ability of cytotoxic lymphocytes to eliminate cancer cells and infected cells in vitro.


Resisting Perforin Pore-Formation

The formation of perforin pores in target cell membranes is the first step of granule-mediated cytotoxicity and is required for the induction of both necrosis caused by osmotic flux and apoptosis caused by granzyme B uptake. Therefore, resistance to this initial step of granule-mediated cytotoxicity has the potential to significantly reduce lymphocyte cytotoxicity. Perforin resistance was initially identified as a characteristic of cytotoxic lymphocytes, including CTLs and NK cells, which are less easily killed by purified perforin compared to various non-cytotoxic cell lines (63–65). This resistance is thought to be integral to the survival of lymphocytes when releasing their cytotoxic cargo. Resistance to perforin has also been observed in malignant cells (66–68). In studies of patient-derived leukaemia and lymphoma samples, considerable variability was observed in the ability of perforin to bind and lyse cancer cells from different patients (66, 67). Importantly, the susceptibility of cancer cells to perforin-induced lysis closely correlated with the amount of perforin bound (66), indicating that cancer cells may evade perforin by reducing binding. More recently, our own research has found that in vitro irradiation of cancer cells transiently reduces susceptibility to lysis by NK cells and CAR T cells by inducing resistance to perforin, possibly by preventing pore formation (68). Our current understanding of the mechanisms that mediate perforin resistance in malignant or infected cells is predominantly derived from protective mechanisms employed by cytotoxic lymphocytes. These mechanisms of perforin resistance include altered lipid order, phosphatidylserine exposure, modulation of cell stiffness, and cathepsin B-mediated degradation (Figure 2), each of which we will now explore in detail.




Figure 2 | Resistance to granule-mediated cytotoxicity. Activation of a cytotoxic effector cell at an immune synapse with a target cell leads to the polarisation and secretion of lytic granules containing perforin and granzyme B. Under normal circumstances, in the absence of any resistance mechanisms, the secreted perforin will form pores in the target cell membrane and allow entry of granzyme B. This process will initiate cell death through both direct cell lysis and the activation of apoptotic pathways. Target cells can employ multiple mechanisms to evade cytotoxicity. (A) Increased plasma membrane lipid order to reduce perforin binding. (B) Externalisation of phosphatidylserine to induce perforin aggregation rather than pore formation. (C) Reduced cell stiffness to prevent efficient perforin pore formation. (D) Expression of Serpin B9 to directly inhibit Granzyme B activity. (E) Autophagy of Granzyme B to prevent activation of apoptotic pathways. (F) Secretion of Cathepsin B to degrade perforin. (G) Reduced gasdermin B and E expression or IpaH7.8-mediated ubiquitination and degradation of gasdermin B can reduce pyroptosis or lysis of shigella, respectively.




Lipid Order

The lipid order of a membrane is a characteristic determined by several properties: lipid packing, the rotational freedom of lipids, and the thickness of the bilayer (69). Therefore, changes to membrane composition can alter lipid order, such as increasing lipid order upon incorporation of cholesterol (70). From the time of its discovery, perforin has been known to preferentially bind to synthetic liposomes or planar lipid bilayers composed of low-order, fluid-phase lipids, such as 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), compared to high-order, gel-phase lipids, such as dipalmitoylphosphatidylcholine (DPPC) (71–74). This specificity for lipid order appears to play a critical role in protecting cytotoxic lymphocytes against self-harm by perforin since CTLs have particularly tightly packed and ordered membranes (72, 73). Lipid order has also been observed to particularly increase at the site of the immune synapse compared to more distal areas of the lymphocyte membrane (75–77). Replacing cholesterol in CTL membranes with a disorder-prone cholesterol variant increases perforin binding and sensitises cells to pore-induced lysis, consistent with tight lipid packing being protective against perforin pore formation (73).

Alterations in lipid packing may directly affect the susceptibility of cancer cells to perforin-mediated attack. Lymphocyte-resistant breast cancer cells, for example, have been found to increase lipid order at the site of the immune synapse and, similar to observations with CTLs, replacing cholesterol with a disorder-prone variant sensitises cancer cells to perforin-induced lysis (73, 75). More broadly, lipid composition is often highly altered during malignancy and infection. For example, multidrug resistant cancer cells frequently exhibit increased membrane lipid order due to increased cholesterol levels (78, 79). Therefore, it is possible that lipid order-mediated resistance to perforin is a common feature of cancer. However, most observations have been made in vitro and further work is necessary to understand whether alterations in the lipid order of cancer cell membranes can have a significant impact on tumour control by lymphocytes in vivo.



Phosphatidylserine Externalisation

Apart from altering lipid order, membrane composition can affect perforin activity through other mechanisms. Phosphatidylserine is a negatively charged phospholipid that generally localises to the intracellular leaflet of the cell membrane but can be externalised to the outer leaflet in certain cell states (80). In particular, externalisation of phosphatidylserine on the outer leaflet is often used as a marker of cell death, but it also has a variety of non-apoptotic roles for intercellular signalling (81). Importantly, phosphatidylserine can be externalised on lymphocyte membranes at the immune synapse, where it is suggested to act as a protective mechanism against perforin pore formation (73, 74, 82). Atomic force microscopy has shown that perforin is able to bind to phosphatidylserine-containing planar lipid bilayers, but it forms protein aggregates rather than membrane-spanning pores (73, 74). In addition, perforin shows little or no lytic activity against synthetic liposomes composed of high levels of phosphatidylserine (68). Other negatively charged membrane lipids, such as 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG) or cholesterol sulfate, had a similar effect in preventing perforin pore formation, suggesting that the negative charge of phosphatidylserine is critical for its inhibitory effect against perforin (74).

In addition to protecting cytotoxic lymphocytes, phosphatidylserine may also be utilised by infected or malignant cells to evade attack mediated by perforin. Phosphatidylserine exposure is a common feature of cancer cells and can be further enhanced in certain circumstances, such as following anti-cancer treatment (68, 83). Externalisation of phosphatidylserine following the treatment of cancer cells with radiotherapy or cell cycle inhibitors was found to closely correlate with resistance to perforin and lymphocyte cytotoxicity, despite normal recognition and activation by NK cells and CAR T cells (68). Treatment of cancer cells with radiotherapy or cell cycle inhibitors did not affect perforin binding or membrane repair responses, suggesting that the mechanism of resistance was impaired pore formation, similar to the observed effects of phosphatidylserine in synthetic lipid membranes (68, 73, 74). Increased surface phosphatidylserine on malaria-infected erythrocytes also correlated with reduced susceptibility to perforin and reduced lysis by γδ T cells (84). The extent to which phosphatidylserine externalisation affects the elimination of target cells in vivo is unclear, and hard to establish. Whether this process could be targeted therapeutically is an open question.



Cell Stiffness

Physical properties of cells may also influence susceptibility to perforin, including cell tension or stiffness. Cell stiffness is commonly altered during malignancy, with cancer cells being relatively soft and deformable compared to healthy cells (85). Accordingly, soft CD133+ tumour-repopulating cells were found to be resistant to perforin and take up less granzyme B following interaction with T cells (86). These cells also evaded T cell cytotoxicity in vivo but killing could be enhanced if cells were treated with jasplakinolide, which promotes actin polymerisation and increases cancer cell stiffness. Cell stiffness can also be artificially altered by culturing cells on stiff or soft hydrogels, which directly changes the stiffness of cells to mirror the underlying substrate. Reducing stiffness in this way by culturing on a soft substrate has been shown to reduce susceptibility to perforin and lymphocyte cytotoxicity (87). It is not entirely clear why cell stiffness affects perforin lytic ability in this way, but insertion and pore formation by hydrophobic molecules, such as perforin, is known to be more energetically favourable on stiff membranes (87, 88).

Interestingly, cytotoxic lymphocytes have been found to utilise a mechanism which may counteract the reduced activity of perforin on soft cells. By using F-actin-rich protrusions, CTLs can exert lateral force on the target cell to increase membrane tension and enhance perforin pore formation (87, 89). Lytic granule secretion from CTLs was observed at the base of these protrusions so that it was spatially localised to the areas of force exertion on the target cell membrane (89). It is interesting to note that the stiffness of a target cell can also modulate NK cell and CTL activation itself, with activation significantly reduced against target cells exhibiting a soft phenotype or grown on a soft substrate (90, 91). Thus, alterations in cell stiffness at the whole-cell level, such as during malignancy, or at the nanoscale, at the immune synapse, may potently manipulate the sensitivity of cancerous or infected cells to perforin.



Cathepsin B

The pore-forming activity of perforin may also be reduced through direct degradation. Cysteine cathepsins are lysosomal peptidases with multiple roles in regulating immune responses (92). It was initially shown that cathepsin B, which becomes expressed on the surface of lymphocytes following degranulation, can degrade perforin in order to protect against self-harm (93). Inhibition of this surface-bound cathepsin B using the inhibitor CA074 led to enhanced CTL death after degranulation. Seemingly in contrast to this, it was later shown that CTLs from cathepsin B-null mice were not more susceptible to death following interaction with a target cell compared to cells from wild type mice (94). To reconcile these observations, it is possible that there is redundancy in the system, and perhaps compensatory mechanisms are augmented in cathepsin B-null mice, such as increased lipid order or phosphatidylserine exposure, as discussed previously.

More recent evidence has also linked cathepsin B with cancer cell resistance against lymphocyte cytotoxicity. Khazen et al. (95) showed that melanoma cells that were resistant to CTL cytotoxicity bound less perforin and took up less granzyme B despite inducing similar levels of CTL degranulation. This resistance was mediated by increased exocytosis of lysosomes or late endosomes at the immune synapse, which facilitated the secretion of cathepsin B leading to perforin degradation. Interestingly, cathepsin B is known to be overexpressed in multiple cancers, where it is associated with poor survival and metastasis (96).

Altogether, resistance to perforin through physical or degradative inhibition is an emerging aspect of immune resistance. Many of the mechanisms employed by cytotoxic lymphocytes to protect against self-harm appear to also be exploited by malignant or infected cells to inhibit perforin activity and enhance survival. However, the contribution of perforin resistance to immune escape has not yet been extensively explored in vivo. The ability to modify cancer cells pharmacologically to increase perforin susceptibility may be a way to increase the efficacy of lymphocyte cytotoxicity.




Resisting Granzyme-Mediated Apoptosis

In addition to perforin, granzymes are a critical component of granule-mediated cytotoxicity. Following perforin pore formation, granzymes enter the target cell and cleave a variety of targets to potently induce cell death. As a result, reduced granzyme activity within target cells may critically constrain killing by lymphocytes. Granzyme activity may be reduced in two ways: through reduced granzyme uptake as a result of perforin inhibition, as described previously, or through direct inhibition of granzyme function. The effect of reduced granzyme uptake on cytotoxicity was clearly demonstrated by the finding that cancer cells, which were resistant to NK cell cytotoxicity, can undergo extensive cytoskeletal remodelling, which reduces granzyme uptake (97, 98). Although the underlying link between cytoskeletal remodelling and reduced granzyme uptake was not identified in these studies, cytoskeletal inhibitors were found to restore granzyme levels and cytotoxicity following interaction with NK cells. Granzyme-induced cell death may also be reduced by direct inhibition of granzyme activity. Of all the proteins in the granzyme family, the mechanisms that reduce granzyme B-mediated cell death have been characterised the most. Inhibitory mechanisms that act directly on granzyme B pathways to prevent cell death include inhibition by serpin B9, degradation through autophagy, and disruption of gasdermin-mediated pyroptosis (Figure 2).


Serpin B9

Serpin B9 (also known as serine proteinase inhibitor B9 or proteinase inhibitor 9) is the only endogenous granzyme B inhibitor that has been identified. It was initially discovered in cytotoxic lymphocytes where it protects against apoptosis by binding to and inhibiting granzyme B (99, 100). When unbound to substrate, serpin B9 exists in a semi-stable form, but it is cleaved upon binding to granzyme B causing a conformational change into its most stable form and leaving a non-functional covalently-bound serpin B9-granzyme B complex (101). Apart from in immune cells and at certain immune-privileged sites, such as reproductive organs and the eye, normal human tissue does not express serpin B9 (102). However, serpin B9 expression has been observed in multiple primary cancers, including lymphoma, melanoma, colon carcinoma, breast cancer, and lung cancer, in which it generally correlates with poor prognosis (102–107).

Overexpression of serpin B9 in various cancer cell lines results in resistance to killing by cytotoxic lymphocytes and, critically, is associated with resistance to immune checkpoint blockade in murine melanoma as well as against radiotherapy-induced type I interferon signalling (104, 108–112). Interestingly, the resistance of serpin B9-expressing cancer cells to cytotoxic lymphocytes is less evident at high ratios of lymphocytes to cancer cells (111). Furthermore, it has been shown through live imaging that multiple NK cell attacks successfully kill serpin B9-expressing target cells, while single hits are sufficient to kill targets which don’t express serpin B9 (113). This is consistent with serpin B9-mediated inhibition of cytotoxicity being overcome through increased granzyme B delivery via multiple lytic hits.

Although serpin B9 has primarily been described as an inhibitor of lymphocyte-derived granzyme B, it has also been shown to have a broader role in mediating tumour immune escape. For example, overexpression of serpin B9 can inhibit TRAIL-, FasL-, and TNF-mediated apoptosis through directly inhibiting caspase 8 and 10 (108, 114). Furthermore, serpin B9 can promote tumour survival through inhibition of cancer cell-intrinsic granzyme B, which can become expressed in various malignancies (107). Therefore, pharmacological inhibition of serpin B9 may aid the destruction of target cancer cells through multiple pathways. Recently, inhibition of serpin B9 has been shown to slow the development of melanoma and increase the lifespan of mice with breast, kidney and lung tumours (107).



Autophagy

Cancer cells may also evade cytotoxicity through autophagic pathways. Autophagy is a physiological process by which damaged or surplus proteins and organelles are degraded and recycled (115). It has a particularly important role in preventing cell death during cellular stress, such as nutrient starvation or hypoxia. Increased autophagy is also a common feature of tumorigenesis to protect against the harsh environment often present within tumours. This also enables cancer cells to maintain their highly proliferative and metabolically active states even when the microenvironment is not conducive to it (115).

Autophagy may also contribute to tumour growth by promoting immune evasion. Hypoxia-induced autophagy, for example, has been shown to correlate with resistance to CTL and NK cell cytotoxicity (116, 117). Similarly, induction of autophagy as a result of genetic inactivation of the von Hippel-Lindau (VHL) gene reduces killing by NK cells (118). Genome-wide CRISPR screens searching for genes that mediate resistance to CTL cytotoxicity have also identified a range of autophagy-related genes associated with cytotoxicity resistance (119, 120). Degradation of granzyme B may be one mechanism by which autophagy inhibits cytotoxicity. Breast cancer cells with autophagy processes stimulated by hypoxia were found to be resistant to NK cell-mediated lysis, with granzyme B localising within their autophagosomes (117). When hypoxia-related genes were inhibited, granzyme B activity within target cells was increased (117, 118). However, a later study demonstrated that a major effect of autophagy in cancer cells is to inhibit TNFα and TRAIL-induced apoptosis by reducing FADD-dependent caspase-8 activation (120). Thus, it is possible that autophagy can act in multiple ways to inhibit lymphocyte cytotoxicity.



Gasdermins

An emerging aspect of resistance to lymphocyte cytotoxicity is evasion of gasdermin-induced pyroptosis. Both granzyme A and B-mediated cleavage of gasdermin B and E, respectively, have been shown to contribute to tumour control by cytotoxic lymphocytes (48, 54). Furthermore, granzyme A-mediated cleavage of gasdermin B also contributes to defence against bacterial infection by NK cells (55). Several mechanisms have been identified which may cause resistance to these gasdermin-mediated cytotoxic pathways. Firstly, reduced expression of both gasdermin B and E have been identified in many cancers (48, 54). In the case of gasdermin E, reduced expression can occur through epigenetic silencing via hypermethylation of the promoter region (121, 122). Low expression of both gasdermin B and E is associated with poor survival in various cancers, including breast cancer, bladder cancer, and melanoma (48, 54). Reducing granzyme-induced pyroptosis through silencing of gasdermin E expression in cancer cells has been shown to contribute significantly to the escape of murine tumours from cytotoxic lymphocytes and accelerate tumour growth (48). Similarly, resistance to gasdermin-mediated pyroptosis can occur through the expression of mutated gasdermin. One study found that 20 out of 22 gasdermin E mutations identified within cancer samples were associated with reduced pyroptosis in response to granzyme B (48).

In the context of bacterial infection, pyroptosis has been shown to be inhibited through degradation of gasdermin B (55). Degradation was mediated by a bacterial ubiquitin ligase IpaH7.8 secreted by the gram-negative bacterium, Shigella flexneri. IpaH7.8 was shown to ubiquitinate N-terminal gasdermin B after its cleavage by granzyme A, leading to its degradation. Expression of IpaH7.8 significantly constrained the bactericidal activity of NK cells (55).

In summary, target cells may evade granzyme B-mediated apoptosis through inhibition by serpin B9 or degradation by autophagy. In addition, resistance to gasdermin-mediated pyroptosis is emerging as another mechanism by which cells may evade granzyme-mediated cytotoxicity in the context of malignancy and infection. Importantly, all of these mechanisms can have effects beyond granzymes and can affect other pathways of lymphocyte cytotoxicity as well as cell survival in other contexts. Therefore, targeting these pathways may directly impact cancer and could enhance other modes of treatment, such as immune therapies.




Inhibiting Death Receptor-Mediated Killing

Death receptor-mediated cytotoxicity is another critical mechanism by which cytotoxic lymphocytes may eliminate target cells. Several mechanisms have been described by which cells can evade death receptor-mediated cytotoxicity. Signalling can be directly inhibited by the activity of FADD-like IL-1β converting enzyme (FLICE)-inhibitory proteins (FLIPs), expression of decoy receptors, or downregulation of death receptors (Figure 3).




Figure 3 | Inhibiting death receptor-mediated killing. Death receptor-mediated killing is a critical method of lymphocyte cytotoxicity. However, target cells have developed multiple mechanisms to inhibit the effectiveness of these processes. (A) Expression of decoy receptors, including membrane bound decoy receptors 1 and 2 that lack functional death domains, thereby preventing signalling while sequestering TRAIL. Decoy receptor 2 also inhibits death receptor 5, preventing death receptor 4 recruitment and DISC formation. Decoy receptor 3 is soluble and binds to FasL preventing it acting upon target cell Fas. (B) Autophagy inhibits FADD-dependent caspase-8 activation. (C) Decreased expression of death receptors, such as Fas, DR4 and DR5 inhibits apoptotic pathways. (D) Increased expression of cFLIP sequesters pro-caspase 8 into heterodimers to prevent its cleavage to caspase 8 and the subsequent activation of apoptotic pathways.




FLICE Inhibitory Proteins (FLIPs)

One of the best characterised families of death receptor inhibitors are the FLIPs. This family of proteins includes both viral (v-FLIP) and cellular (c-FLIP) proteins, which share high sequence homology (123). Several FLIP splice variants are expressed in humans, but the primary forms include the short variant, c-FLIPS, and the long variant, c-FLIPL (123). The long variant contains an additional c-terminal domain that resembles the catalytic domains of caspase 8 and 10 but without functional caspase activity (123, 124).

Both cellular and viral FLIPs inhibit caspase 8 activity by forming heterodimers with pro-caspase 8 (123, 125). This sequesters pro-caspase 8, preventing it from forming the necessary homodimers required for processing into active caspase 8. Inhibition of pro-caspase 8 processing by FLIPs prevents apoptosis induced by TRAIL and FasL, but not by granzyme B (124, 126, 127). Immune cells have been observed to exert a selective pressure on cancer cells during in vivo tumorigenesis, allowing cells that highly express FLIP to escape (128). Indeed, high tumour expression of c-FLIP, particularly of the long variant, has been found to correlate with poor prognosis in a range of cancers, including acute myeloid leukaemia, colorectal cancer, and non-small cell lung cancer (129–131).

In addition to cellular FLIPs, viral FLIPs also appear to have a role in the promotion of tumorigenesis in humans. v-FLIPs that are expressed during viral infection act to protect host cells from death receptor-induced apoptosis resulting in immune escape from T cells (132, 133). This viral immune escape mechanism can contribute to the process by which certain viruses are particularly oncogenic. For example, Kaposi’s sarcoma-associated herpesvirus (KSHV)-FLIP is associated with Kaposi’s sarcoma and certain lymphomas (132).

To complicate the picture, although c-FLIPL has primarily been described as an inhibitor of apoptosis, it can also have pro-apoptotic effects. Heterodimers formed of c-FLIPL and pro-caspase 8 have been found to retain their catalytic activity and can process other pro-caspase 8 homodimers (125, 134–137). There is evidence that whether or not c-FLIPL promotes apoptosis is highly dependent on the level of expression of both the FLIP protein and pro-caspase 8 (125, 136, 137). In the presence of very high levels of c-FLIPL, and therefore high levels of heterodimers, inhibition of apoptosis occurs since the amount of pro-caspase 8 homodimers that are available to be processed is decreased. Conversely, at lower concentrations, c-FLIPL preferentially acts as a promoter of apoptosis.

Overall, FLIPs may play a significant role in the aetiology of some cancers. As a result, FLIP inhibitors or drugs that reduce FLIP expression are currently under development for the treatment of cancer, but balancing the pro- and anti-apoptotic effects may be challenging (138, 139). Other anti-cancer treatments, such as doxorubicin, synthetic triterpenoids, and peroxisome proliferator-activated receptor-γ (PPARγ) ligands, can also decrease FLIP expression as a side effect, therefore increasing sensitivity to death receptor-mediated cytotoxicity (140–142).



Decoy Receptors

The majority of receptors that bind TNF superfamily proteins are capable of transducing signals. However, several receptors have been identified that, despite binding the same ligands, lack cytoplasmic death domains for signalling and cannot recruit critical adaptors, such as FADD (143). These are, in effect, decoy receptors which compete with functional death receptors for ligand binding. Physiologically, decoy receptors have been implicated in modulating inflammatory responses but have also been hijacked as a survival mechanism in cancer (144). One such protein is decoy receptor 3 (DcR3), a soluble receptor which binds FasL and is overexpressed in a large proportion of primary lung, colon, oesophageal, stomach, and rectal tumours (145, 146). Decoy receptors 1 and 2 (DcR1 and DcR2) are membrane-bound receptors which bind TRAIL and also lack a functional death domain (147, 148). In addition to competing with functional TRAIL receptors, DcR2 is also able to interact with TRAIL-receptor variant, DR5, preventing the recruitment of the DR4 variant to the DISC and inhibiting caspase activation (149, 150).

Expression of DcR1 or DcR2 has been found to correlate with tumour progression and poor prognosis in breast cancer, prostate cancer, and leukaemia (151–153). However, it is unclear whether targeting decoy receptors in tumours could have off-target effects, since they can also be expressed in several normal tissues, including the spleen, lung, gastrointestinal tract, endometrium, and activated T cells (145, 154, 155). Furthermore, although there is evidence from over-expression systems that decoy receptors may constrain death receptor-mediated killing, the extent to which they are harnessed by cancer cells to evade lymphocyte cytotoxicity in vivo is not known.



Death Receptor Expression and Mutation

Death receptor signalling can also be lost in cancer cells through reduced surface expression or through inactivating mutations in death receptors. Reduced expression of the death receptors Fas or DR4/5 is a common feature of cancers (156–158). Loss of these receptors is associated with poor prognosis, particularly upon loss of more than one receptor or when receptor downregulation occurs in tumours with low levels of infiltrating CTL (156, 158). Interestingly, there is a weaker correlation between Fas expression and survival in colorectal tumours with high numbers of infiltrating CTL (158). This may suggest that granule-dependent cytotoxicity rather than death receptor-mediated killing is the predominant pathway of cancer cell elimination when large numbers of CTL are present (158). Loss of death receptor expression can occur through several routes, including promoter methylation (159–161), histone modifications (157, 162), promoter region mutations (163), or reduced trafficking to the cell membrane (164). Notably, oncogenic Ras mutations can strongly downregulate Fas expression through the control of several genes associated with the promoter region of Fas, as well as through hypermethylation (159, 160). Conversely, death receptors are often up-regulated as a side-effect of cancer treatment, and this may contribute to the overall efficacy of the treatment. For example, receptors for FasL and TRAIL can be significantly up-regulated following radiotherapy and chemotherapy, leading to enhanced killing by cytotoxic lymphocytes (165–171).

A less frequently occurring feature of cancers that may contribute to immune escape is mutations of the death receptors themselves. Mutations affecting function, which generally localise in the cytoplasmic domains, are infrequently observed in cancers, such as gastric cancer, non-small cell lung cancer, metastatic breast cancer, non-Hodgkin’s lymphoma, and head and neck cancer (172–175). Induced expression of these mutated receptors in vitro can reduce pro-apoptotic signalling.

Overall, death receptor signalling can be inhibited at multiple stages including reduced expression or mutation of death receptors, competition for ligand binding by decoy receptors, or inhibition of downstream signalling by FLIPs. However, there are several therapeutic strategies that may enhance death receptor signalling including pharmacological inhibition and downregulation of FLIPs or increasing death receptor expression, all of which have the potential to restore the efficacy of immune cytotoxicity.




Inhibiting TNF-Mediated Cytotoxicity

TNF is known to have both pro-survival and pro-death effects on cancer cells depending on its precise cellular context. Recently, genome-wide CRISPR screens have identified TNF signalling as a major target of resistance to lymphocyte cytotoxicity (120, 176–179). These studies identified several genes encoding proteins related to TNF signalling that either sensitise cells to lymphocyte cytotoxicity – including TNF-R1, caspase 8, TRADD, and RIPK1 – or promote evasion of cytotoxicity – including TRAF2, cIAP1, and FADD-like apoptosis regulator (CFLAR), as well as multiple genes involved in the NF-κB pathway (120, 176–179). In particular, knockout of TRAF2 was shown to redirect TNF signalling from pro-survival signalling, via complex I proteins and the NF-κB pathway, to pro-death signalling, via complex II proteins (177). Likewise, knockout or pharmacological inhibition of HOIL-1-interacting protein (HOIP), the catalytic subunit of LUBAC involved in ubiquitination, also enhanced sensitivity to TNF by reducing the ubiquitination of pro-survival complex I proteins, which is required for TNF-mediated survival signalling (180, 181). Conversely, antibody blockade of TNF significantly reduced killing by both wild-type and perforin-deficient T cells demonstrating that TNF signalling is a major pathway of lymphocyte cytotoxicity (120, 176).

Resistance to TNF-mediated cell death has also been suggested as one way in which autophagy can induce resistance to lymphocyte cytotoxicity. Knockout of key autophagy-related genes sensitizes cancer cells to TNF-induced death and TNF-mediated T cell cytotoxicity (119, 120). Autophagy can target TNF-induced cell death by modulating FADD/caspase-8 activity (120). Several other studies have also noted the ability of autophagy to interfere with active caspase-8 leading to reduced susceptibility of cells to TRAIL and TNF during hepatic injury or in colon carcinoma (182, 183).

It remains to be seen whether TNF signalling can be harnessed to successfully treat cancer patients in the clinic because its effects are highly context-dependent. This was demonstrated by Young et al., who found that knockout of TNF-R1 could either protect tumours against immune checkpoint blockade or sensitise tumours to it depending on whether autophagy was impaired or intact, respectively (120). TNF has also been shown to have cancer-promoting effects in some cancer models, leading to several clinical trials of TNF antagonists demonstrating efficacy in some patients (184–186). One possible approach to targeting TNF signalling is through the use of SMAC (second mitochondria-derived activator of caspases) mimetics. These are drugs that mimic the activity of SMAC, a protein that is an endogenous inhibitor of cIAP function (187). Through the inhibition of cIAP, SMAC mimetics have been found to sensitise cancer cells to TNF-induced cell death both in vitro and in vivo (120, 188–190). Alternatively, directly inhibiting certain complex I components, such as HOIP, may redirect signalling towards apoptosis (180). Therefore, there is potential for sensitising cancer cells to TNF-induced cell death, but greater understanding of how its functions vary is needed.



Inhibiting Apoptotic Pathways

In addition to the inhibitory mechanisms against specific components of lymphocyte cytotoxicity, cancer cells may exhibit more general resistance to apoptosis through alterations in apoptotic pathways. Prevention of apoptosis may occur through either down-regulation of pro-apoptotic mediators, such as caspases or pro-apoptotic Bcl-2 family members, or up-regulation of apoptosis inhibitors, such as Inhibitor of Apoptosis Proteins (IAPs) or anti-apoptotic Bcl-2 family members. These can affect both caspase-dependent and mitochondrial pathways of apoptosis, which are involved in both granule-mediated and death receptor-mediated cell death.


Caspase Inhibition – Mutations and Inhibitor of Apoptosis Proteins

Caspases are critical components of both granule-mediated and death receptor-mediated cytotoxicity. Death receptor-induced apoptosis relies on the activation of caspase 8/10 within the DISC to activate the executioner caspases, caspase 3, 6, and 7. Conversely, granzyme B can directly cleave and activate executioner caspases as well as activating them through the mitochondrial pathway of apoptosis. As a result, reducing caspase activity is a common pathway by which cancers avoid apoptosis, with reduced expression or mutations reported for both initiator (caspase 2, 8, and 10) and executioner caspases (caspase 3, 6, and 7) in a range of cancers (191). For example, caspase 8 is commonly mutated, particularly in cancers of neuroendocrine or lymphoid origin (192). Loss of caspase 8 expression contributes to resistance against TRAIL-induced apoptosis (193, 194). In addition to alterations in expression, caspase activity can be modulated by the enhanced expression of IAPs, such as cIAP1, survivin, and X-linked inhibitor of apoptosis protein (XIAP). IAPs can bind directly to caspases preventing their activity and leading to inhibition of granzyme B and death receptor-mediated apoptosis (195–197).



Bcl-2 Family

The mitochondrial pathway of apoptosis, characterised by mitochondrial outer membrane permeabilization (MOMP), is a critical pathway by which both granzyme B and death receptors can mediate apoptosis. This pathway is regulated by the Bcl-2 family of proteins, which include pro-apoptotic BH3 proteins (e.g. Bid), pro-apoptotic effector proteins (e.g. Bax and Bak), and anti-apoptotic proteins (e.g. Bcl-2 and Bcl-XL) (40). Disruption of this pathway through either downregulation of pro-apoptotic proteins or upregulation of anti-apoptotic proteins can prevent apoptosis induced by either death receptors or granzymes.

A critical mediator of MOMP is Bid, which can be cleaved by either caspase 8 following death receptor ligation or by granzyme B. Bid is responsible for recruiting additional mediators of MOMP, such as Bax and Bak (40). As a result, loss of Bid expression in cancer cells leads to reduced sensitivity to granzyme B-induced apoptosis (198, 199). Likewise, loss of Bak expression, which is directly involved in permeabilization of the mitochondrial membrane, protects against apoptosis triggered by granzyme B (199). Reduced expression of pro-apoptotic Bcl-2 family members, such as Bid, is observed in various cancers and is associated with poor prognosis in prostate cancer and colon cancer, for example (200, 201).

Alternatively, inhibition of MOMP can occur through overexpression of the anti-apoptotic Bcl-2 family proteins, which inhibit the activity of apoptotic proteins, such as Bax and Bak. Overexpression of anti-apoptotic proteins, such as Bcl-2 or Bcl-XL, reduces apoptosis induced by both granule-mediated cytotoxicity and death receptor-mediated cytotoxicity, whereas pharmacological inhibition of Bcl-2 sensitises cells to cytotoxicity (196, 197, 202–206). Overexpression of Bcl-2 is a common feature of multiple cancers (207).

Overall, cancer cells frequently develop mutations or altered expression of the critical caspases and Bcl-2 family members involved in regulating and mediating apoptosis induced by immune attack. As a result, targeting these pathways, for example by inhibition of Bcl-2, could be a particularly effective way of enhancing the efficacy of immunotherapy in patients (208).





Conclusion

Effective cytotoxicity by immune cells against cancerous or infected cells is a critical mechanism of controlling these disease states. A multitude of treatments, such as checkpoint inhibitors, have been developed to boost the immune system’s response to these diseased cells. However, these treatments are not always effective, and malignant and infected cells can still exploit mechanisms that enable them to evade the strengthened immune system. Here, we have outlined many ways in which diseased cells can evade the cytotoxic attacks of NK cells and CTLs. Many processes that enhance target cell resistance to cytotoxicity are the same processes that cytotoxic cells themselves use to prevent self-harm by their own deadly cargo. Other pathways that inhibit cytotoxic killing, such as autophagy, pro-survival TNF signalling, and downregulation of apoptotic pathways, also convey other benefits normally, but can be exploited by cancerous cells or infectious agents.

It is likely that many of these mechanisms of resistance have evolved together with the cytotoxic pathways employed by lymphocytes. This may explain why lymphocytes simultaneously utilise several cytotoxic pathways that are often redundant. For example, the broad range of granzyme B targets – including apoptotic caspases, regulators of mitochondrial apoptosis, and gasdermins – reduces the likelihood that a target cell could become resistant to granzyme B-mediated cell death. This was found to be the case in the context of haematological cancer, in which NK cells and CTLs were able to kill cancer cells despite a variety of anti-apoptotic mutations that conferred multi-drug resistance (209, 210). These studies demonstrate that lymphocytes can overcome some resistance mechanisms by inducing death through multiple pathways.

Conceptually, it can be difficult to distinguish processes that have been autonomously selected to aid the survival of diseased cells that also happen to be beneficial in avoiding immune attack, from processes that have been adopted by these cells to specifically resist cell-mediated cytotoxicity. Further research to investigate this could include studying the evolutionary development of cancers, and comparisons with mice deficient in specific compartments of their immune system. Either way, there is great potential here to therapeutically target the processes discussed throughout this review. Targeting the ways in which diseased cells avoid death could be used alone or in combination with other therapies, including immunotherapies. Importantly, a greater understanding of these mechanisms and processes in vivo is sorely needed to indicate the most potent interventions.
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Regulatory T-cells (Treg) are critical for the maintenance of immune homeostasis and tolerance induction. While the immunosuppressive mechanisms of Treg have been extensively investigated for decades, the mechanisms responsible for Treg cytotoxicity and their therapeutic potential in regulating immune responses have been incompletely explored and exploited. Conventional cytotoxic T effector cells (Teffs) are known to be important for adaptive immune responses, particularly in the settings of viral infections and cancer. CD4+ and CD8+ Treg subsets may also share similar cytotoxic properties with conventional Teffs. Cytotoxic effector Treg (cyTreg) are a heterogeneous population in the periphery that retain the capacity to suppress T-cell proliferation and activation, induce cellular apoptosis, and migrate to tissues to ensure immune homeostasis. The latter can occur through several cytolytic mechanisms, including the Granzyme/Perforin and Fas/FasL signaling pathways. This review focuses on the current knowledge and recent advances in our understanding of cyTreg and their potential application in the treatment of human disease, particularly Graft-versus-Host Disease (GVHD).
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Introduction

Regulatory T cells (Treg) play a complex multifaceted role in maintaining immune homeostasis and promoting tolerance at steady state. Treg are widely regarded to engage in various suppressive mechanisms directed against T-cells and antigen presenting cells (APC). Since their discovery, CD4+CD25+ T-cells have been found to protect against autoimmune disease (1) and are known to be critical for tolerance against alloresponses in vivo (2) including bone marrow and solid organ transplantation tolerance in allogeneic murine recipients (3–5). Adoptive transfer of Treg with alloreactive T-cells have shown efficacy in limiting the Graft-Versus-Host Disease (GVHD) response in preclinical transplant models, and Graft-versus-Leukemia (GVL) responses have by-and-large, but not uniformly, remained intact (6–8). Clinical trials have demonstrated that Treg infusion during allogeneic hematopoietic stem cell transplantation (alloHSCT) can reduce and treat GVHD (9–14). Decisive conclusions on post-transplant relapse rates await randomized trials. To date, current studies observing high-risk acute leukemia adult patients treated by haploidentical transplantation with an infusion of Foxp3+ Treg four days prior to T-cells have shown similar reductions in GVHD occurrence and severity as previous studies and the cumulative incidence of relapse was significantly lower than their historical controls (11–13). This balance between ameliorating GVHD while preserving GVL continues to be a major consideration for the development of effective GVHD treatments. Recent data has come to light that subsets of cytotoxic effector Treg (cyTreg) may have a unique application here and are capable of suppressing GVHD while effectively preserving GVL activity (8, 15–17).

Studies dating back to the early 2000s demonstrated that Treg engage in cytolytic activities. While cytolysis is a well characterized mechanism of conventional cytotoxic T effector cells (Teffs) and natural killer (NK) cells, it was surprising to find that Treg also engaged in directed killing of target cells to suppress immune responses while maintaining traditional suppressive capabilities (18, 19). Before cytolysis was directly ascribed as a mechanism of suppression by Treg, cytolysis had been reported as a critical pathway for immune homeostasis as its been documented that mutations in killing pathways are associated with many autoimmune and inflammatory diseases, including autoimmune lymphoproliferative syndrome (ALPS) (20–23) and Griscelli’s syndrome (24–26). There is now a growing repository of data supporting the important role of cytotoxicity in cyTreg for immune regulation and disease control. In this review, we discuss the current and growing knowledge of cyTreg, the directed killing and immunosuppressive mechanisms that drive their function, and their potential clinical applications for the treatment of human disease, including cancer, inflammatory disease and GVHD.


Mechanisms of cyTreg Mediated Suppression and Cytotoxicity

The primary function of Treg is to maintain immune homeostasis and self-tolerance by modulating the activity of effector lymphocyte populations. Traditionally, both CD4+ and CD8+ Treg have been recognized to impart immunosuppressive effects through contact dependent and independent mechanisms. For example, CTLA-4 expression by Treg is recognized as an integral marker of contact dependent immunosuppression. CTLA-4 is known to inhibit T-cell activation and expansion by both directly engaging with CD28 on the surface of T-cells to block co-stimulation, and by cleaving CD80/CD86 from the surface of APC to further inhibit APC/T-cell interactions (27–31). In addition to contact dependent pathways, Treg have also been shown to suppress T-cell activity through the release of soluble factors, such as IL-10 and TGF-β. IL-10 is produced by several immune cell populations, including Treg and has been shown to be important for preventing mucosal inflammation and autoimmunity (32–34). IL-10 is known to suppress the activity of T-cells by inhibiting the APC expression of MHC class II and CD80/86 and the production of proinflammatory cytokines (IL1α, IL1β, IL-12, IL-18, TNFα) and chemokines (MCP1, MCP5, RANTES, IP-10, IL-8, and MIP-2), as well as impeding T-cell proliferation and cytokine production (IL-2, IFNγ, IL-4, IL-5, TNFα). Similarly, TGF-β production has also been shown to be important in modulating inflammation (35–37), and the contact-dependent function of TGF-β has been well-described to orchestrate the induction and maintenance of peripheral Treg (pTreg) (38, 39), induced Treg (iTreg) (38, 40), and invariant natural killer T-cells (iNKT) (41, 42). Several studies have highlighted the suppressive activity of Treg-derived TGF-β, which has been reported to inhibit both NK and Teff cytotoxic activity (43–45). Interestingly, both IL-10 and TGF-β signaling have also been reported to play a role in cytotoxicity. While TGF-β has been shown to drive the induction of CD103 expression in CD8+ iTreg, which in some circumstances has been shown to be a simultaneously cytotoxic and immunosuppressive T-cell subset (46), IL-10 has also demonstrated cytolytic characteristics during systemic lupus erythematosus (SLE) (47–49). IL-10 produced by B cells and monocytes can induce Fas/FasL expression on cell surfaces of various immune cells, including T-cells to cause apoptosis via caspase 8 activation (47, 48). IL-10 induced Fas/FasL pathway is important for disease control and has otherwise been an under reported functional mechanism of IL-10 signaling (Figure 1) (50–52). Similarly, IL-10 has also been shown to induce the production of cytotoxic enzymes and IFNγ in CD8+ T-cells, and, in conjunction with IL-2, differentiation of cytotoxic T-cells from their precursors, demonstrating a dual function of IL-10 signaling in immune regulation (53, 54).




Figure 1 | Cytolytic mechanisms utilized by cyTreg to modulate immune responses. (A) Granzyme perforin pathway. (B) Fas/FasL pathway (top), TRAIL/TRAILR pathway (middle), TNFα/TNFR pathway (bottom). Spi6, Serpin protease inhibitor 6; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; TRAILR, tumor necrosis factor-related apoptosis-inducing ligand receptor; DR5, death receptor; TNFα, tumor necrosis factor alpha; TNFR, TNFR, tumor necrosis factor receptor; Bid, BH3 interacting-domain death agonist; tBid, truncated Bid; FADD, Fas-associated protein with death domain; TRADD, TNFRSF1A associated via death domain; NF-kB, nuclear factor kappa B; DISC, death-inducing signaling complex.



Treg can be classified into subtypes based on their phenotypic profiles, cytokine production, and expression of lineage defining transcription factors such T-bet and RORγt (55). With the use of advanced sequencing technologies, we are expanding our understanding of the similarities and unique aspects of Treg subtypes based on their transcriptome (56, 57). Höllbacher et al. (2020) (58) performed RNA sequencing on Treg and found that subtypes clustered together, although with notable differences, suggesting lower diversity amongst Treg as compared to CD4+ T helper cells (Th). For example, expression of IL-10 was limited to only a few Treg subtypes which included Th1-like Treg and Th17-like Treg. Th1-like Treg also had the highest expression of the coinhibitory receptors TIM3 and LAG3, and the cytolytic molecules GZMA and GZMB (58). In contrast, other genes associated with Treg suppressive function such as CTLA4, PDCD1, TIGIT, and PRF1, were not preferentially expressed by any Treg subtype (58). Furthermore, single cell RNA sequencing demonstrates Treg clustering within lymphoid tissues into central versus effector Treg populations, and within non-lymphoid tissues into multiple other Treg populations that represent tissue adaptation and local immune control (56). For example, in the colon of healthy mice there were three clusters of Treg, two which expressed genes associated with Th2 and immunoregulatory and immune suppressive Th3 lineages (56). These findings suggest each Treg subset may have a specialized mechanism to modulate specific types of immune responses, and that some may have a greater potential to engage in cytolytic mechanisms.

Several subsets of CD4+ and CD8+ Treg have been reported to engaged in directed killing of target cells through perforin and granzyme mechanisms. Perforin is a glycoprotein that polymerizes to form channels within target cell membranes (59, 60). These channels allow for free and non-selective transport of ions, water, and other molecules including pro-apoptotic granzymes, which disrupts cell homeostasis and cause cell death (59, 61). While Teff and NK cells are major sources of perforin and granzymes, which are released from cytoplasmic granules upon recognition of target cell (62), cyTreg have also been shown to produce perforin and granzymes (Figure 1) (18, 19, 27, 63). Granzymes are highly conserved serine proteases that make up the majority of the cytoplasmic granules of Teff and NK cells. While NK cells constitutively express and store granzymes, other T-cell subsets (i.e. CD4+ T-cell, CD4+ Treg) must be activated to produce granzymes (64, 65).

Granzymes maintain both cytotoxic and non-cytotoxic mechanisms to regulate immune responses. Ten granzymes have been discovered in mice, of which five are known in humans; these differ in their primary substrate specificities within target cells (66). Granzyme A (GzA) and B (GzB) are the most abundant and therefore the most frequently studied. GzA activates caspase-independent programmed cell death through cleavage of intracellular substrates, including mitochondrial complex I substrate NDUFS3 and precursor IL-1β (Figure 1) (67–70). GzB promotes apoptosis through the BH3-interacting domain death agonist (Bid), a proapoptotic Bcl-2 family member, by inducing mitochondrial permeabilization or direct proteolysis and activation of caspases (Figure 1) (71, 72). Though yet to be studied in Treg, special attention should be brought to the formation of supramolecular attack particles (SMAPs) by Teff (73) and NK cells (74) that allow for hours of sustained killing. Cytotoxic T-cell SMAPs are multiprotein complexes assembled from over 285 different proteins including cell adhesion molecules, chemokines, cytokines, and cytolytic perforin, granzymes, and galectin-1 stored within secretory lysosomes of cytolytic lymphocytes (73, 74). SMAPs are contained within a shell rich in glycoproteins, including perforin, granzymes and thrombospondin-1, that interact with target cells to theoretically allow autonomous killing by SMAPs, promoting killing during interactions that are transient or less precise (73).

While many of these cytotoxic mechanisms are well described in Teff and NK cells, there are important roles for these functional pathways in cyTreg function, which we discuss throughout this review. Although the role of many of these pathways in cyTreg remain unclear, there appears to be an intricate system of regulation for cyTreg to engage in killing and/or immunosuppressive functions in vitro and in vivo.




CD4+ Treg Engage in Cytolysis to Regulate Immune Responses

CD4+CD25+Foxp3+ Treg are essential for maintaining immune homeostasis, preventing autoimmunity, and promoting tolerance (75). There are three major subsets of CD4+ Treg: thymic derived Treg (tTreg), Treg that are induced in the periphery from CD4+Foxp3neg conventional T-cells (pTreg), and Treg generated in vitro from CD4+Foxp3neg conventional T-cells using TGF-β and IL-2 (iTreg) (76). Treg have been reported to engage in multiple contact-dependent and independent mechanisms. These mechanisms can directly suppress immune cells or function indirectly by modulating APC and/or generating an anti-inflammatory milieu (77–79). For example, Treg can modulate APC through CTLA-4, suppress multiple cell types through secretion of anti-inflammatory cytokines (IL-10, TGF-β, IL-35), suppress T-cells via IL-2 consumption, use cytolytic pathways to kill T-cells or APC, and generate immunosuppressive environments through adenosine production via the ectoenzymes CD39 and CD73 (77) (Table 1).


Table 1 | Immunosuppressive and cytotoxic killing mechanisms used by CD4+ Treg subsets.



While mouse studies have provided insights into the various mechanisms available for CD4+ Treg, the importance of these pathways in regulating immune tolerance is further supported in clinical reports of patients with inborn errors of immunity. For example, patients with CTLA-4 haploinsufficiency experience immune dysregulation and deficiency with a spectrum of clinical manifestations that can include lymphoproliferation and autoimmunity targeting multiple organs such as the lungs, gastrointestinal tract, brain, bone marrow, kidney, hypophysis, and thyroid (92, 93). Importantly, these patients had either normal or elevated numbers of Treg, but CTLA-4 protein expression was significantly decreased on Treg and this was associated with impaired Treg suppressive function (92, 93). Patients with mutations in the Treg master transcription factor FOXP3 that preclude CD4+ Treg generation or function experience immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome with onset in early life and a high mortality rate (106–109). Treg have constitutive expression of the alpha subunit (CD25, or IL-2RA) of the trimeric IL-2R which allows them to uptake IL-2 more readily during an immune response and engage in a positive feedback cycle whereby IL-2 promotes Foxp3 expression in Treg (110). Patients with mutations in IL2RA can have severe enteritis, viral infection susceptibility, pronounced lymphoproliferation, autoimmunity, and an IPEX-like syndrome (94, 95, 111) (94, 95, 106–109). IL-10 signaling has been particularly important for tolerance induction in the gut, as patients with loss of function mutations in IL-10 or IL-10R develop very early onset severe inflammatory bowel disease (96, 97). While loss of IL-10 signaling affects Treg suppressive function on multiple cell types including T-cells leading to GI disease, there is evidence demonstrating that patients with IL-10R mutations fail to augment iTreg formation compared to healthy controls (112). Lastly, the immune regulatory role of perforin is demonstrated in patients with monoallelic perforin gene mutations resulting in partial degranulation defects that only present complications following an infection or other immune trigger such as cancer, whereby patients are unable to mount an appropriate immunological response (113). Thus, the role of perforin may be important for Treg mediated immune tolerance but may not be as critical as is the expression of other genes such as CTLA-4 and FOXP3 based upon the clinical consequences of loss-of-function defects.

Interestingly, the exact mechanisms used by CD4+ Treg to suppress remains incompletely understood, particularly in vivo. Treg dependency on different mechanisms in vitro and in vivo is likely attributed to the fact that different kinds of suppression might be necessary depending on the type, timing, intensity and duration of inflammation, and anatomical site of the immune reaction, as well as which cell needs to be suppressed i.e. T-cells, B cells, or APC. Here we review the role and importance of cytolysis as a mechanism of CD4+ Treg to module immune responses.


CD4+ CyTreg Use Perforin Granzyme Pathway

An early study by Grossman et al. (2004) (18) demonstrated that following activation, human CD4+ tTreg expressed the tryptase GzA, whereas CD4+ pTreg expressed the serine protease GzB. Both CD4+ Treg subtypes were shown to kill autologous target cells in vitro in a perforin and CD18 dependent manner, suggesting that the interaction via the immunological synapse was necessary for cytotoxicity to occur (Table 1). They also demonstrated that activated T-cells and immature dendritic cells (DCs) were preferentially killed compared to resting T-cells and mature DCs, indicating that not all target cells have equivalent susceptibility to CD4+ Treg mediated killing (18). Interestingly, CD4+ tTreg had more potent in vitro killing compared to CD4+ pTreg (18). Differential granzyme expression and killing potential between Treg subsets suggest each subtype may have different roles in immune regulation. Notably, granzyme expression patterns also differ between different human T-cells subsets. While most resting NK cells and approximately half of CD8+ T-cells co-express GzA and GzB, very few resting CD4+ T-cells express both GzA and GzB (19). Unstimulated, freshly isolated human CD4+ Treg and CD4+CD25neg T-cells express little to no GzB or perforin expression (18). Naive CD4+ T-cell activation with IL-2 alone leads to minor GzB expression, while activation with CD3/CD28 beads leads to intermediate percentage of GzB expressing cells with no GzA expression (19). The quantity of granzymes expressed based on level of activation in the different T-cell subsets supports the idea that some cells are more readily equipped to engage in cytolytic pathways. These data raise many questions that need to be further investigated such as: is the differential killing potential between CD4+ tTreg and pTreg associated with the differential granzyme expression? Why is it advantageous for human CD4+ tTreg to express GzA and CD4+ pTreg to express GzB?

Similar to human CD4+ Treg, freshly isolated murine CD4+ tTreg also have little to no GzB or perforin expression (80). The expression of these molecules is upregulated following activation with slower kinetics and quantity compared to that of CD8+ T-cells, and with greater quantity compared to that of CD4+CD25neg T-cells (80). GzB deficient murine CD4+ tTreg showed reduced suppression of T-cell proliferation when compared to wildtype and perforin deficient CD4+ tTreg; suppression in this assay was due to increased T-cell apoptosis (Table 1) (81). It is unfortunate that GzA expression or its role in murine CD4+ tTreg killing was not evaluated in this particular study, as previous human CD4+ tTreg studies showed preferential expression for GzA (18). Furthermore, these results differ from the Grossman et al. (2004) study which showed human CD4+ Treg killing occurred in a perforin dependent mechanism; although notably the role of GzB was not evaluated (18). The mechanism by which GzB mediates cytolysis in the absence of perforin has yet to be fully described (81). It has been shown that GzB in the extracellular space can induce apoptosis of smooth muscle cells, offering an alternative pathway by which Treg can induce target cell death (114). Furthermore, it’s possible that Treg induced mechanical movement alone can induce necrosis of target cells, as killing in this form has been reported in the absence of perforin in T-cells (115). Altogether, these data demonstrate CD4+ Treg express killing molecules following activation and engage in cytolysis of immune cells through either a perforin or GzB dependent process. It is challenging to fully grasp the role perforin, GzB, and GzA in Treg killing, as each study typically measured the expression and tested the mechanistic role of only some of these molecules. For example, GzA is rarely investigated in Treg killing literature.

While it was originally known that CD4+ tTreg cells could directly suppress B cell proliferation, Ig production, and class switch recombination (116, 117), the exact mechanism used to suppress had not been described. Zhao et al. (2006) (80) demonstrated that activated murine CD4+CD25+ tTreg suppressed B cell proliferation in a cell contact-dependent, cytokine independent manner that was dependent on the upregulation of perforin and granzymes, and independent of the death receptors, Fas and TRAILR. They demonstrated that activated CD4+CD25+ tTreg preferentially killed antigen presenting B cells compared to resting bystander B cells in a GzB dependent, partially perforin dependent manner (Table 1) (80). They found freshly isolated CD4+CD25+ tTreg had little to no granzyme expression and could not engage in killing of B cells, but could potently suppress in vitro T-cell proliferation (80). In contrast, pre-activated CD4+CD25+ tTreg had increased expression of GzB and became licensed to kill B cells, but not T-cells (80). Why murine CD4+ tTreg in this study failed to kill T-cells is unclear as Gondek et al. (2005) (81) and Grossman et al. (2004) (18) reported mouse and human Treg could directly kill T-cells. A possible reason for the differences in these mouse studies might be that Treg in the Zhao et al. (2006) (80) study were stimulated with 5 µg/ml of plate bound anti-CD3 compared to 10 µg/ml of plate bound anti-CD3 in the Gondek et al. (2005) study (81). It’s possible that higher levels of activation were required to trigger sufficient perforin and granzyme molecule expression in order to stimulate T-cell killing. In summary, CD4+ tTreg use the perforin granzyme pathway to suppress B cell immune responses.

While CD4+ Treg had been reported to kill autologous immune cells, Choi et al. (2013) (98) was the first to explore whether CD4+ tTreg could co-opt this strategy to kill malignant cells. The idea that CD4+ Treg can be utilized to enhance anti-tumor immunity is paradigm shifting as Treg are associated with suppression of desired anti-tumor or anti-infectious responses. Choi et al. (2013) (98) demonstrated that an EGFRvIII-specific bispecific T-cell engager (BiTE) could redirect human CD4+CD25+CD127dim/- Foxp3+ Treg and activate them in the presence of glioblastoma tumors expressing EGFRvIII. While human CD4+CD25+CD127dim/- Foxp3+ Treg are known to be highly suppressive, these Treg showed increased expression of perforin, GzA, and GzB after activation (98). Furthermore, they potently lysed EGFRvIII+ tumor cells in vitro in the presence of EGFRvIII-specific BiTE and failed to lyse tumor in the presence of a non-specific BiTE, or when Treg were cultured in the absence of BiTEs. These human CD4+ tTreg killed EGFRvIII tumor cells in a perforin-dependent, partially GzB-dependent manner (98). Lastly, GzB+ Foxp3+ cells were identified in human primary glioblastoma tissues suggesting a potential role of cyTreg in the tumor microenvironment (TME) not previously recognized (98). Research will be necessary to determine which type of cyTreg, whether CD4+ pTreg or tTreg, would be more effective killers in the TME, and to determine what engages the cytolytic potential versus other suppressive mechanisms against tumor cells. Altogether, these data suggest that BiTEs, and potentially other therapies such as Chimeric Antigen Receptors (CAR), have the potential to redirect suppressive Treg to induce their cytolytic potential against tumor cells in an effort to promote anti-tumor responses. Whether CD4+ Treg redirected with BiTEs or CARs can engage in anti-tumor responses in vivo will need to be investigated.

Multiple groups had shown the role of the perforin and granzyme pathways in CD4+ cyTreg mediated suppression in vitro. However, it was unknown whether CD4+ cyTreg also regulated immune responses in vivo. Cao et al. (2007) (99) tested this idea using multiple tumor models and donor mice deficient in GzA, GzB, and perforin. They found that murine CD4+ Treg isolated from the TME upregulated GzB, but not GzA, and that perforin and GzB deficiency were essential in dampening anti-tumor responses in vivo (99). They further demonstrated in ex vivo experiments that murine CD4+ Treg derived from tumors killed NK and CD8 T-cells in a perforin, GzB dependent manner (Table 1) (99). This was the first report of CD4+ cyTreg using cytolysis similar to NK and CD8+ T-cells to suppress immune responses in vivo. Boissonnas et al. (2010) (82) further demonstrated the cytolytic potential of CD4+ cyTreg in anti-tumor responses using two-photon microscopy in explanted tumor draining lymph nodes (LN) to show that DC death only occurred when perforin sufficient Foxp3+ Treg were present and in the presence of tumor antigens (Table 1). A limitation of this study was the measured expression of both GzB and perforin in CD4+ Treg without mention of GzA, and the use of only perforin KO mice for in vivo studies. Thus, more research will be needed to understand GzA expression of CD4+ cyTreg in tumor models, determine the exact role of GzA and GzB for in vivo suppression, and evaluate CD4+ cyTreg anti-tumor potential in vivo. Altogether, these data suggest that CD4+ Treg utilize granzyme and perforin pathways to suppress anti-tumor responses in vivo.

To further support the role of cytolytic pathways in Treg suppression in vivo, Gondek et al. (2008) (83) demonstrated murine CD4+ tTreg initiated and maintained allograft tolerance in a GzB dependent, perforin independent manner. These results are in contrast with the two studies above which found Treg mediated killing was perforin dependent. Furthermore, gene expression analysis showed that mouse CD4+Foxp3+ iTreg expressed GzB, GzC, Fas-L, and DAPK2 (death-associated protein kinase 2) albeit at lower levels compared to CD8+ Foxp3+ iTreg. These results were supported through in vivo findings whereby CD4+ iTreg suppressed GVHD but abrogated GVL effects (8). Thus, the cytolytic potential of CD4+ iTreg compared to CD4+ tTreg in vivo will need to be evaluated. Lastly, Loebbermann et al. (2012) (84) sought to evaluate whether pulmonary responses were regulated by Treg during acute RSV infection in mice and found GzB deficiency in Treg worsened pulmonary pathology, suggesting GzB dependent suppression of lung inflammation during acute viral lung infection (Table 1). Unfortunately, they did not measure perforin or GzA expression of these Treg in the lungs or use KO mice to evaluate the role of these other killer molecules. In summary, these data suggest CD4+ Treg can use the perforin and/or granzyme pathway in vitro and in vivo, and have the potential to target DCs, B cells, T-cells, NK cells, and tumor cells to control immune responses (Figure 1).



CD4+ cyTreg Protective Mechanims of GzB Induce Cell Death

Cytotoxic cells have mechanisms in place to prevent self-inflicting apoptosis from cytotoxic granule contents by expression of serine protease inhibitors called serpins. Serpin 6 (Spi6) has been demonstrated to protect murine Teff, DCs, and Treg from granzyme induced cytotoxicity (118–120). Similarly, the human equivalent of Spi6 is proteinase inhibitor 9 (PI9) and has been shown to be upregulated concurrently with GzB expression (121). Interestingly, Sula et al. (2017) (122) found that Treg from patients undergoing renal graft rejection, or Treg in vitro stimulated from healthy donors, had higher levels of GzB expression and higher GzB expression was shown to increase Treg apoptosis despite PI9 co-expression (122). Why PI9 was not protective of human Treg in this particular study will need to be further evaluated. Are these results due to differences between mouse and human Treg, or it may be possible that in these settings there was more GzB production than PI9 could neutralize? These data suggest that the granzyme-perforin pathway functions are a mechanism to suppress other target cells but also may serve as a mechanism for Treg activation induced cell death.

While we highlight studies that report killing as a mechanism of CD4+ Treg suppression, many Treg studies have found non-cytolytic mechanisms to be essential (78). A key factor that may help explain differences in regard to GzB expression and killing as a suppressive mechanism in Treg is whether rapamycin was used in Treg cultures to promote purity. Treg activated with anti-CD3, anti-CD28, IL-2 and rapamycin have lower levels of GzB expression when compared to Treg cultured in the absence of rapamycin; additionally, the lower expression of GzB was shown to be correlated with decreased levels of cytotoxicity (123). These results suggest that Treg cultured with rapamycin are likely to engage in other mechanisms of suppression outside the perforin-GzB pathway. Additionally, the measured killing by CD4+ Treg has been thought by some groups to be mediated by contaminating Teff. While the early studies used CD4+CD25+ and CD4+CD25neg to differentiate Treg versus CD4+ T-cells, many noted key Treg characteristics such as constitutive CD25 expression and lack of IL-2 production or sorted out the top 2% of CD4+CD25+ T-cells to purposely gate out as many contaminating CD4+ T-cells (18, 100). Furthermore, in the Choi et al. (2013) (98) studies the Treg used for in vitro killing assays were first tested for in vitro suppressive function and were then used for in vitro killing assays with >95% Foxp3+. Thus, there is sufficient data to support CD4+ Treg can engage killing pathways in order suppress immune responses.



CD4+ cyTreg Killing Pathways: FasL/Fas, TRAIL/TRAILR, Galectins

While the granzyme-perforin pathway appears to be important in CD4+ tTreg mediated control of immune responses, we must consider the role of other reported killing pathways. In an early report by Janssens et al. (2003) (100) murine CD4+CD25+ Treg were shown to be dependent on the Fas/FasL pathway to lyse APCs in an antigen-specific and MHC class II restricted manner (Table 1; Figure 1). These results showed that killing was a mechanism used by Treg to exert suppressive effects on APCs and bystander T-cells. Another mechanism of killing used by Treg is the tumor necrosis factor related apoptosis ligand (TRAIL)/death receptor 5 (DR5) pathway. Ren et al. (2007) (85) demonstrated that murine CD4+ Treg are dependent on the TRAIL/DR5 pathway to mediate both suppression and cytotoxicity in vitro and in vivo (Table 1). Using DR5 blocking antibodies, they showed CD4+ Treg used cytolysis to prolong tolerance to allogeneic skin grafts by killing CD4+ T-cells (Figure 1) (85). Lastly, whether CD4+ Treg use galectin-1 induced cell death to suppress effector T-cells in vivo will have to be further evaluated (124). Together, the current literature suggests that mouse and human CD4+ cyTreg predominantly engage in the perforin granzyme pathway, with some reported instances using the Fas/FasL and TRAIL/DR5 pathways. However, how CD4+ cyTreg choose one killing pathway versus another, and elucidating when they decide to engage in killing versus other suppressive mechanism warrants further investigation.



Tr1

Type 1 regulatory (Tr1) cells are a T-cell subset characterized as Foxp3neg, CD49b+, and Lag3+ that produce high levels of IL-10 along with TGF-β, IFNγ, IL-5, and are IL-4- and IL-2low/- (125). While Tr1 cells are well recognized to suppress immune responses in cytokine dependent mechanisms via IL-10 and TGF-β (126, 127), Tr1 cells have also been found to engage in contact-dependent mechanisms including the PD1/PDL-1 and CTLA-4/CD80 pathways (128). Interestingly, Tr1 have also been found to kill myeloid cells through the perforin-granzyme pathway in an antigen dependent and independent manner (Table 1) (104, 129). Killing of APCs was shown to decrease T-cell activation and allow for bystander suppression. Furthermore, Grossman et al. (2004) (19) showed that human naive CD4+ T-cells stimulated with anti-CD3/CD46 antibody to generate Tr1 IL-10 producing cells led to expression of GzB in over 90% of the cells with no GzA expression, while anti-CD3/CD28 antibody mediated activation did not induce GzB expression. Based on this GzB expression pattern it was not surprising they found Tr1 cells showed maximal killing, whereas IL-2 activated CD4+ T-cells which had significantly lower levels of GzB expression showed minimal killing. These GzB+ Tr1 cells engage in perforin-dependent, MHC/TCR independent killing of allogeneic myeloid leukemia cell lines in vitro (Table 1) (19). In an effort to enhance Tr1 cell therapy, Roncarolo, who first identified Tr1 cells, and colleagues recently developed engineered human Tr1 cells by lentiviral transduction of IL-10 into peripheral CD4+ T-cells. This group found that these engineered human Tr1 cells had the ability to kill pediatric and adult acute myeloid leukemia (AML) cells (15, 130). Importantly, Tr1 cells retained their suppressive functions in vivo by suppressing GVHD and maintaining GVL responses (15). These data are exciting as it offers a cellular approach that is capable of both suppressing GVHD responses while concurrently potentiating GVL responses. How we can further enhance this type of bifunctional therapy will need to be evaluated as this approach can significantly address key limitations of Treg therapy for alloHSCT. In summary, Tr1 cells use the perforin granzyme pathway to suppress immune responses by targeting non-malignant myeloid cells and potentiate anti-tumor responses by killing malignant myeloid cells.




The Role of CD8+ Treg in Immunosuppression and Cytolysis

CD8+ Treg represent another repository of cyTreg that remains substantially understudied. CD8+ Treg are loosely defined as a heterogenous population of CD8+ lymphocytes that can express several Treg associated surface markers and have immunosuppressive capacity, thus defining them as a Treg subset (131–133). CD8+ Treg have been reported to express a range of Treg markers such as CD122, CD25, CD103, GITR, CTLA-4, and PD1, and to engage in a range of cell contact-dependent and independent mechanisms to suppress immune responses (Table 2) (27, 134, 137, 138, 162–164). However, due to their low frequency in vivo and lack of conserved and consistent phenotypic markers, CD8+ Treg have yet to be fully described (163).


Table 2 | Immunosuppressive and cytotoxic killing mechanisms used by CD8+ Treg subsets.



Like CD4+ Treg, CD8+ Treg are capable of inhibiting the activity of Teff. CD8+ Treg have been demonstrated to modulate Teff activation and proliferation through the release of immunosuppressive cytokines, including IL-10 and TGF-β (165), as well as inhibitory cell-to-cell interactions through CTLA-4 and PD-1 signaling pathways (166). Furthermore, the suppressive activity of CD8+ Treg in vivo has been shown to be important in regulating normal immune function and preventing inflammatory disease in humans, including inflammatory bowel disease, autoimmune diabetes, multiple sclerosis, and GVHD (167–169). In addition to their immunosuppressive capabilities, several subsets of CD8+ Treg have been described to utilize both suppressive and cytotoxic functions (CD8+ cyTreg), including both Foxp3+ and Foxp3neg CD8+ Treg subsets described below. In fact, CD8+ cyTreg have been reported to utilize directed killing pathways as key mechanism to inhibit Teff activity (170). However, as the circulating frequency of CD8+ Treg is extremely low in both mouse and human (164), the vast majority of current literature focuses on different subsets of ex vivo generated CD8+ iTreg. As such, CD8+ cyTreg represent an extremely heterogenous population in vivo, and the precise mechanisms of suppression and/or killing utilized by these cell populations are highly dependent on the CD8+ cyTreg phenotype and local environmental stimuli (163, 171). The bifunctionality of CD8+ cyTreg remains highly debated in the literature and warrants further investigation.


CCD8+Foxp3+Treg

CD4+ Treg are well defined by constitutive expression of Foxp3, the master regulator of Treg suppressive function (172–174). Similarly, both murine and human studies have also described Foxp3 expression in several subsets of CD8+ Treg, including CD8+CD25+Foxp3+, CD8+Foxp3+Lag3+, and CD8+CD103+Foxp3+ Treg (155, 175). In fact, several groups argue that Foxp3 expression in CD8+ T-cells is a highly conserved marker of CD8+ Treg (164, 176–178). CD8+Foxp3+ Treg have been shown to be highly immunosuppressive and in some circumstances have been shown to employ cytotoxic killing pathways as an additional mechanism of immunosuppression. In mice, CD8+CD25+Foxp3+ Treg have even been shown to be equally, if not more, suppressive in vitro than an equivalent CD4+ Treg (164). Therefore, CD8+Foxp3+ Treg have gained substantial interest as a unique cell type that may have applications in the treatment of some cancers, as well as autoimmune and inflammatory disease.

There are several subsets of CD8+ T-cells that have been reported to express Foxp3. CD8+CD25+Foxp3+ Treg are the most phenotypically and functionally similar to CD4+ Treg. Like their CD4+ counterpart, they express both CD25 and Foxp3 and have been found to co-express several additional Treg associated surface markers, including CTLA-4, Lag3, GITR and PD-1 (Table 2) (27, 179). However, CD8+Foxp3+ tTreg are present at extremely low levels in both human and mouse peripheral blood, ~0.4 and ~0.1%, respectively (164). This is significantly less than the frequency of circulating CD4+ Treg which constitute 1-3% of CD4+ lymphocytes in humans (180, 181) and ~5-15% in mice (164, 182). Mouse CD8+ Foxp3+ tTreg, with high CD25+ and GITR expression, were shown to suppress CD8+ T-cell responses in an influenza virus infectious model through an IL-10 dependent mechanism (137), whereas Cosmi et al. (2003) found that human CD8+CD25+Foxp3+ tTreg that expressed GITR and CTLA-4 could suppress the proliferation of autologous CD25neg T-cells in a contact-dependent manner (138). To further support the importance of cytolytic pathways by Treg in dampening undesired immune responses, Correale and Villa (2008) found that CD8+ Treg from patients with multiple sclerosis could recognize and lyse myelin-specific CD4+ T-cells (183). Furthermore, they also found that lysis of these autoreactive T-cells was decreased when patients experienced exacerbations, and that killing occurred in a granule and MHC Class I dependent manner (183). Additionally, CD8+CD25+Foxp3+ Treg have been shown to have immunosuppressive properties in colorectal and prostate cancers with a potential to promote tumoral immune escape (178, 184).

Despite their low circulating frequency, several studies have demonstrated that human and murine CD8+Foxp3+ iTreg can be easily generated both in vivo and ex vivo (27, 63, 185). The generation of iTreg from CD8+CD25neg Teff with robust antigen stimulation leads to the acquisition of Foxp3 expression and Treg associated immunosuppressive properties (27, 63, 185). Interestingly, the acquisition of immunosuppressive capabilities in CD8+CD25+Foxp3+ iTreg appears to coincide with the upregulation of cytotoxic molecules (27, 63). In addition to expressing CD25, Foxp3, CD28, CTLA-4 and GITR, CD8+CD25+ iTreg have also been shown to express high levels of cytotoxic molecules upon activation, including GzA, GzB and perforin in human CD8+ Treg and CD107α in both mice and human CD8+ Treg (Table 2) (27, 63). CD8+ cyTreg are proposed to utilize these killing pathways as another primary mechanism of suppression. However, the cytolytic potential of CD8+CD25+Foxp3+ iTreg remains highly debated in the literature, with one study reporting no observed in vitro killing capacity by allogeneic plasmacytoid dendritic cells induced human CD8+Foxp3+ iTreg, despite high expression of GzA and GzB (139) and others studies describing subsets of human CD8+CD25+Foxp3+ iTreg that simultaneously have both suppressive and cytolytic functions (27, 63).

Joosten et al. (2007) first described a subset of Lag3 expressing CD8+Foxp3+ Treg in both mice and humans that were shown to suppress human peripheral blood mononuclear cell (PBMC) proliferation through, at least in part, the secretion of CCL4 (chemokine (C-C motif) ligands 4) (63). CD8+Lag3+Foxp3+ Treg were shown to express CD107α, perforin and granulysin, and engage in directed killing in an antigen specific manner. Here, this study suggested that human CD8+ iTreg cytolytic function, but not suppression, is antigen dependent (63). They demonstrated that antigen primed CD8+Lag3+Foxp3+ Treg were able to kill infected but not uninfected macrophage targets, while the CD8+Lag3+Foxp3+ Treg were able to suppress Teff proliferation in a nonspecific manner. Expanding upon this earlier study, Mahic et al. (2008) described a subset of ex vivo induced human CD8+Foxp3+ iTreg that was also capable of both immunosuppressive and cytolytic functions (27). This subset of human CD8+Foxp3+ iTreg was shown to express high levels of perforin, GzA and GzB suggesting strong cytolytic potential. And although, several studies have reported CD8+ iTreg to secrete soluble factors such as IL-10, TGF-β, CCL4 and IL-35 (27, 63, 140, 163), transwell suppression assay analysis indicated that CD8+CD25+Foxp3+ iTreg rely on contact-dependent suppressive pathways (27). Several groups have suggested that CTLA-4 expression plays a major role in the contact-dependent suppressive function of CD8+CD25+Foxp3+ iTreg (16, 27, 139, 140, 163). However, the study by Mahic et al. (2008) demonstrated that contact-dependent CD8+ iTreg mediated suppression was maintained even in presence of CTLA-4, CD80 and CD86 blocking antibodies (27), suggesting that other suppressive mechanisms, such as cytolysis, may be at play in absence CTLA-4 mediated suppression.



CD8+CD103+ Treg

Although Foxp3 expression in both CD4+ and CD8+ Treg has been shown to closely correlate with Treg suppressor function, there are now multiple reports that, unlike CD4+ Treg, the suppressive function of CD8+ Treg may not be dependent on the expression of Foxp3. In fact, several CD8+ Treg subsets, including CD8+CD103+ Treg and CD8+CD122+ tTreg, have been reported to be either Foxp3neg or have only sporadic expression of Foxp3, while still maintaining immunosuppressive function (186, 187). Among these CD8+Foxp3+/- Treg subsets, CD103 expressing CD8+ Treg are amongst the most investigated. In mice, CD103 is expressed by ~80% of CD8+CD25+Foxp3+ Treg (164), and can also be expressed by CD4+CD25+Foxp3+ Treg and CD8+Foxp3neg Treg (188–190).

CD103 expression is a critical homing antigen for T-cells and assists in cell infiltration and residency in peripheral tissues (191, 192). The increased accumulation and persistence of T-cells in peripheral tissues is critical to maintain normal immune function. After CD8+ T-cells migrate into the periphery, CD103 expression is induced via a TGF-β signaling pathway (141, 193, 194). The induction of CD103 expression in CD8+ Teff is polyclonal and can lead to the development of an alloantigen-induced CD8+CD103+FoxP3+/- Treg that possess immunosuppressive capabilities, regardless of Foxp3 status (143, 188). Although CD103+ Treg have been shown to produce both IL-10 and TGF-β, a majority of the current literature suggests that the immunosuppressive function of human CD8+CD103+FoxP3+/- Treg is contact-dependent and does not rely on the production of soluble factors (Table 2) (142, 143). Although, it has also been reported that human CD8+CD103+Foxp3neg Treg did not express to PD-1, GITR and CTLA-4 (142), suggesting that CD8+CD103+Foxp3neg iTreg must be employing different mechanisms of suppression compared to other CD8+ Treg subsets and that CD8+CD103+Foxp3neg Treg may rely on cytolytic killing mechanisms to suppress T-cell activity. However, despite several studies suggesting that human CD8+CD103+ iTreg may retain their cytolytic capacity and engage in directed killing of Teff following antigen stimulation (27, 142), a majority of the current literature suggests that CD103 expression is not a conserved marker of CD8+ Treg cytolytic activity in mice or humans (142, 143, 188, 195). Further, many of these studies suggest that, unlike other CD8+ Treg subsets, a majority of CD8+CD103+Foxp3neg Treg suppress Teff through non-cytotoxic mechanisms and have very little cytolytic function (142, 143, 188, 195). While these reports do indicate that some CD8+CD103+ Treg may have both suppressive and cytolytic potential, the current the literature is still unable to phenotypically distinguish between the immunosuppressive, cytolytic and dual function populations. A possible explanation to these varying mechanisms used by CD8+CD103+ Treg is that CD103 expression is likely not a conserved marker of CD8+ Treg, as several studies have also reported CD103 expression as a marker of activated tissue-resident memory T-cells (Trm) (196, 197). In fact, CD8+CD103+ Trm cells have been shown to be significant contributors to anti-tumor immunity due to their substantial cytotoxicity and cytokine production potential (196–199). Despite this, CD8+CD103+ cyTreg are an increasingly interesting Treg population that necessitates further investigation.



CD8+CD103+Foxp3neg Treg

Thymus derived CD8+CD122+Foxp3neg T-cells represent a subset of T-cells that can suppress autoimmunity, anti-tumor responses, and allogeneic responses (200–202). While CD122 expression in T-cells is often associated with CD8+ T stem memory (Tsm) populations (203–205), murine CD8+CD122+ T-cells have also be shown to be potent suppressors of allograft rejection (162). Murine CD8+CD122+Foxp3neg Treg have been reported to recognize activated T-cells via MHC class I/TCR and suppress T-cell activity via IL-10 production (134). It has been shown that the PD1 expression in murine CD8+CD122+ T-cells was critical for the enhanced suppressive function and that IL-10 was partially responsible for the suppression of allograft rejection (134). A follow up study demonstrated that murine CD8+CD122+PD1+ T-cells suppressed Teff proliferation in vitro in an IL-10 dependent manner and could also kill Teff in a Fas/FasL dependent manner (135). The use of cytolysis as a mechanism of CD8+CD122+ T-cells to modulate immune responses was further supported in a skin allograft model where deficiency of FasL expression, or inhibition of this pathway with blocking antibodies, abrogated suppression of allograft rejection (135). Furthermore, Akane et al. (2016) reported that murine CD8+CD122+ T-cells, particularly the CD49b low expressing CD8+CD122+ T-cells, were capable of suppressing activated CD4 and CD8 T-cells in a Fas/FasL dependent manner, and in an MHC class I/TCR dependent process (136). Together, these data emphasize the importance of CD8+CD122+ T-cells as an immunoregulatory cell type that prefers IL-10 and Fas/FasL pathways to suppress immune responses.



CD8aa+ Intraepithelial Lymphocytes

Intraepithelial lymphocytes (IELs) are a predominant T-cell population strategically dispersed in the intestinal epithelial layer where they contribute as a first line of defense against infections to protect the mucosal barrier (151, 206–208). IELs can be divided into two main categories: induced IELs, which are conventional CD4+ or CD8αβ+ T-cells that have undergone extrathymic differentiation in the intestines (151), and natural IELs, which express CD8αα with TCRαβ+ or TCRγδ+ and have been well-documented to develop in the thymus before migrating to the gastrointestinal tract (207–209).

Induced CD4+CD8αα+ IELs, or CD4 T-cells that have peripherally acquired CD8αα+ through the Th2 lineage pathway, are significantly detected under heightened immune responses (151). CD4+CD8αα+ IELs are producers of Treg-associated cytokines IL-10 and TGF-β, and can suppress Th1-induced intestinal inflammation in an IL-10-dependent manner to protect the mucosal barrier (151). CD4+CD8αα+ IELs also exhibit cytolytic activity through perforin expression (152). However, upon significant pathogenic infiltrations, activated CD4+CD8αα+ IELs can contribute to the pathological progression of inflammatory bowel disease through release of proinflammatory cytokines TNF-α, IL-15, and IFN-γ with upregulation of CD107a (152). IL-10 has been shown to suppress infiltration of gluten-dependent cytolytic CD4+CD8αα+ IELs for potential prevention of celiac disease (153).

Antigen-experienced natural CD8αα+CD8β-TCRαβ+ IELs (CD8αα+ IELs) amount to nearly 40% of the T-cell population within the intestinal layer and are of considerable interest due to their potential for dual immunosuppressive and cytolytic functions (206). CD8αα+ IELs express the activation markers CD44 and CD69 from thymic development in the presence of high affinity self-antigen agonists (207, 208, 210). Though self-reactive, CD8αα+ IELs are not self-destructive (144) and maintain a regulatory role within the gut, constitutively expressing CD103 (208) and highly expressing Lag3, CTLA-4 (145), and NK associated genes (145, 208, 211) including the inhibitory Ly49 receptors, CD16, CD122, and NK1.1, but with very low expression of Foxp3 mRNA (145). In the absence of their specific MHC-restricted antigen, these cells were found to be enriched for TGF-β, IL-10 and IFNγ mRNA, suggesting that these cells either constitutively express these immunoregulatory cytokines or express them through non-TCR-mediated signals (144, 145). However, upon activation, CD8αα+ IELs substantially reduce mRNA expression of these cytokines (144, 145). In slight contradiction, another study could not detect IL-10 secretion or IL-10R expression in either in vitro non-activated or anti-CD3/CD28-activated CD8αα+ IELs (146). However, adoptive transfer of CD8αα+ IELs into SCID mice did prevent CD4+ T-cell-induced colitis in an IL-10-dependent manner; CD8αα+ IELs derived from IL-10 knockout transgenic mice were ineffective for disease prevention. It has been proposed that murine gastrointestinal epithelial cells, which constitutively express IL-10R, rely on IL-10-dependent signals from CD8αα+ IELs (146).

The cytotoxic potential of CD8αα+ IELs has also been debated. A study in which CD8αα+ IELs with LCMV-reactive TCRs were activated by LCMV infection, no cytotoxic activity could be detected (144), albeit several other studies have confirmed expression of perforin, GzA, GzB, and FasL (147, 148). In vivo wild-type CD8αα+ IELs constitutively express GzB but not GzC (147, 148); GzB knockout CD8αα+ IELs were observed to upregulate granzyme C for non-redundant protection in a murine model of cytomegalovirus (CMV) infection (147). Reovirus 1/L-stimulated IELs were shown to effectively utilize Fas/FasL, perforin, and TRAIL-mediated cytotoxicity pathways (149, 150). As such, CD4+CD8αα+ and CD8αα+ IELs are an enigmatic “activated yet resting” cell population that maintains immunoregulatory and cytolytic functions in mucosal tissues.



CD8+CD28neg Treg

CD8+CD28neg T-cells have also been reported to exhibit both cytotoxic and immunosuppressive function. However, not unlike most other CD8+ Treg subsets, the current literature describes CD8+CD28neg T-cells that are either immunosuppressive or cytolytic. While several studies have reported human CD8+CD28neg T-cells possess high cytotoxic potential due to high expression of cytolytic molecules, including perforin, GzA, GzB and granulysin (156–160), other studies have reported a subset of CD8+CD28neg T-cells with distinct lack of cytotoxic function, but capable of immunosuppressive function (154, 155, 161). Interestingly, CD8+CD28neg Treg have been suggested to induce a unique contact-dependent suppressive pathway to inhibit alloreactive Teff. Several early studies demonstrated that human and mouse CD8+CD28neg Treg are able to promote the tolerization of APCs by both inducing the upregulation of immunoglobulin-like transcripts (ILT), ILT3 and ILT4, and simultaneously downregulation of costimulatory molecule expression on APCs. This in turn impaired APC/CD4+ T-cell interactions, reduced IFNγ production, and suppressed the activity of alloreactive T-cells (154, 155, 161). Despite these early reports of immunosuppressive function, there remains no comprehensive phenotypic definition of the immunosuppressive CD8+CD28neg Treg population and efforts towards an accurate and comprehensive functional description of CD8+CD28neg Treg have also been impeded by the failure of current studies to identify conserved surface markers to distinguish between the immunosuppressive and cytotoxic subpopulations without functional analysis. Despite this, CD8+CD28neg Treg do offer an interesting avenue for further study as in vivo studies have highlighted their important role in immune regulation and may offer a novel approach to Treg-based immune therapies (154, 161).



CD8+Ly49/KIR+Foxp3neg Treg

Another CD8+ Treg subset important for immune regulation expresses either Ly49 or killer immunoglobulin receptors (KIRs) in mouse and human CD8+ T cells, respectively. Early studies demonstrated that CD8+CD44+ICOSL+Foxp3neg Treg recognized the Qa-1/peptide complex on T follicular helper cells (TFH) to promote tolerance to self via the perforin pathway (212). Using a Qa-1 knock in mouse model that impaired CD8+CD44+ICOSL+Foxp3neg Treg activity, it was shown that mice developed a lupus-like autoimmune disorder that was associated with TFH cell dysregulation, increased autoantibodies, and severe glomerulonephritis (212). It was then shown that these CD8+CD44+ICOSL+Foxp3neg Treg subset had high expression of CD122 and uniquely expressed Ly49 (213). Ly49 is a member of a family of C-type lectin receptors that can be expressed on NKT cells, IELs, macrophages, DCs and a fraction of CD8+ T cells. However, Ly49 is ubiquitously expressed on NK cells, enabling those cells to distinguish between healthy, infected, or altered cells (214). CD122 expression in combination with Ly49 on NK cells may explain its dependency on IL-15 for development and function (212). Furthermore, a group found that B6-Yaa mice, which also develop a lupus-like autoimmune disorder that is exacerbated with IL-15 receptor deficiency (215), have increased numbers of TFH and germinal center B cells with defective CD8+ Treg suppressive function. These data suggest a role of CD8+CD122+CD44+Ly49+Foxp3neg Treg in B6-Yass mice lupus-like pathogenesis (213). To further extend our understanding of CD8+Ly49+ Foxp3neg Treg in autoimmunity, a group demonstrated that clonally expanded CD8+Ly49+ T cells in a model of experimental autoimmune encephalitis (EAE) represent a CD8+Ly49+Foxp3neg Treg subset that is non-responsive to myelin protein but is instead suppressive towards autoreactive CD4+ T cells. The suppressive mechanism of this CD8+Ly49+Foxp3neg Treg was found to occur in a perforin dependent manner, similar to previous reports of this pathway required by CD8+ Treg to suppress TFH cells (212, 216). A recent report confirmed the existence of a population equivalent to CD8+Ly49+Foxp3neg Treg suppressive subset in humans. Since Ly49 genes are not present in the human genome, human CD8+ Treg were found to express the killer immunoglobulin-like receptors (KIRs) which have parallel functions (217, 218). Human CD8+KIR+Foxp3neg Treg are increased in patients with autoimmunity or infection as compared to healthy counterparts (219). Using in vitro assays, it was demonstrated that CD8+KIR+Foxp3neg Treg suppressed gliadin specific CD4+ T cells isolated from patients with celiac disease. They found that suppression by human CD8+KIR+Foxp3neg Treg occurred in a contact dependent manner, associated with increased annexin V expression in pathogenic gliadin specific CD4+ T cells, consistent with murine studies of perforin dependent suppression by CD8+Ly49+Foxp3neg Treg (219).




Role and Applications for cytotoxic Treg in the Treatment of GVHD

CyTreg may offer a novel approach to the treatment of GVHD that is underrepresented in current clinical research. One of the biggest hurdles to the development of a successful GVHD therapy is the preservation of the therapeutic GVL effect. With current CD4+ Treg based therapies for GVHD there is a risk of suppressing GVL activity, resulting in relapse in alloHSCT recipients (8). Remarkably, the dual immunosuppressive and cytotoxic action of cyTreg has been shown in pre-clinical studies to alleviate acute GVHD (aGVHD) while preserving the essential GVL activity of the graft (8, 15, 16). For example, CD4+ Tr1 cells have been shown to both suppress GVHD and preserve GVL responses in vivo (15). There is also evidence supporting a role of CD4+ cyTreg in the alloHSCT setting. A group investigated which killing mechanisms were necessary for CD4+ tTreg suppression of anti-tumor responses in the allogeneic setting by using RMAS lymphoma and B16 melanoma cells derived from C57BL/6 mice and injected them into 129/SvJ mice to create a minor histocompatibility mismatch (99). Using GzB KO mice, they demonstrated that CD4+ tTreg used the GzB pathway to non-redundantly suppress anti-tumor responses in vivo (99). They then posited whether tTreg would also be dependent on GzB to suppress GVHD following alloHSCT in a murine major histocompatibility mismatch model. Similar to their original tumor studies, they found that murine tTreg upregulated GzB expression in the allosetting (220). However, in contrast to their tumor studies they found that GzB was non-essential for GVHD mediated suppression, as mice treated with wildtype and GzB KO CD4+ tTreg had comparable survival curves, decrease in serum cytokines, and protection of aGVHD target organs (220). Interestingly, another group found that the hypomethylating agent azacytidine could be used to enhance CD4+Foxp3+ Treg induction following alloHSCT and that murine aGVHD suppression via these CD4+ iTreg occurred in a GzB independent, and partially perforin dependent manner without abrogating the GVL response (101). It is unclear why aGVHD suppression was GzB independent in this latter two studies; however, it is plausible that the different source of Treg used for aGVHD suppression may have a different transcriptome and thus be dependent on different pathways to suppress similar allosettings. Overall, these studies demonstrate that both CD4+ tTreg and iTreg can use the perforin-granzyme pathway to dampen alloimmune responses in vivo, and that cyTreg have the capacity to suppress aGVHD while maintaining anti-tumor responses in most circumstances.

Furthermore, several studies have demonstrated an integral role for CD8+ iTreg in aGVHD pathology. Zheng et al. (2013) (16) demonstrated that ex vivo human CD8+CD25+Foxp3+ iTreg were capable of controlling GVHD while preserving the GVL effect. Here, human CD8+ iTreg GVHD suppression was mediated through a CTLA-4 dependent mechanism, which resulted in reduced T-cell proliferation and production of inflammatory cytokines in target organ systems resulting in improved GVHD outcomes (16). Similarly, Heinrichs et al. (2016) (8) demonstrated that combinational therapy using both mouse CD8+ and CD4+ iTreg, but not CD4+ iTreg alone, was capable of suppressing aGVHD while maintaining GVL responses in mice. These results suggest that CD8+ iTreg can play an integral role in the maintenance of GVL activity.

Interestingly, it has been shown recently that CD8+Foxp3+ iTreg alone are sufficient to prevent aGVHD, even in absence of CD4+ iTreg. Beres et al. (2012) (17) demonstrated that the adoptive transfer of human CD8+Foxp3+ iTreg into humanized recipient mice, which lack the ability to make both murine CD8+ and CD4+ iTreg (Rag2−/−gc−/−), significantly ameliorated the severity of aGVHD, protected recipient mice from death and preserved the GVL response. Not only did this study support the protective role of CD8+ iTreg against aGVHD while preserving GVL activity, but it also showed that CD8+ pTreg are induced in vivo early post-transplant (17). These data suggest that CD8 iTreg and pTreg may play a significant role in the regulation of inflammation during the early phases of aGVHD and support that notion CD8+Foxp3+ iTreg offer an approach for the GVHD suppression and GVL maintenance. The potential applications for a dual purpose GVHD/GVL Treg-based cellular therapy is not limited to aGVHD. CD8+CD103+ iTreg have also been shown to alleviate chronic GVHD (cGVHD). In a mouse model of cGVHD with lupus syndrome, Zhong et al. (2018) (46) demonstrated that the adoptive transfer of murine CD8+CD103+ iTreg ameliorated cGVHD severity and enhanced survival. They observed a significant reduction in autoantibodies and renal injury, in conjunction with reduced Th and B cell responses. These data were supported by a follow-up study that also demonstrated the therapeutic effect of murine CD8+CD103+ iTreg adoptive transfer in a mouse model of cGVHD and lupus nephritis (221). They demonstrated that the immunosuppressive function of CD8+CD103+ iTreg was closely associated with expression of CD39, the rate limiting enzyme in the production of immune suppressive adenosine (221).

Human CD8+CD103+ iTreg have also been demonstrated extremely stable under inflammatory conditions in vivo and play a critical role in preventing kidney injury in patients (222). As such, CD8+CD103+ iTreg adoptive transfer provides a novel approach for the treatment of kidney disease as well as other autoimmune and inflammatory diseases (158, 221). However, El-Asady et al. reported that CD103 expressing mouse CD8+ T-cells may have the potential to exacerbate aGVHD (141). They demonstrated that host derived CD8+ Teff that migrate to the intestinal epithelium can also gain CD103 expression via TGF-β signaling. The resulting population has an enhanced capacity to accumulate within the gut tissue resulting in a concentration of activated CD8+ Teff in the gut tissue that exacerbated host intestinal injury (141). This suggests that a subset of CD8+CD103+ T-cells may not have immunosuppressive activity as reported by other studies (46, 142, 143, 188, 221). This again aligns with the notion that our current understanding of CD8+ cyTreg populations is greatly limited by the lack of conserved surface markers which would help differentiate cyTreg vs. Teff. In spite of this, these early studies provide encouraging data that suggests select subsets of CD4+ and CD8+ cyTreg, either alone or in combination, may provide a novel approach to suppress GVHD and maintain GVL responses.



Car-Treg: Could Cytotoxic Car Treg Offer a New Therapeutic Avenue?

The generation of antigen specific Treg is of particular interest because of their increased potency compared to polyclonal Treg and their potential to decrease the risk of non-specific immunosuppression (223). The remarkable success of CAR T-cell therapy to induce remission in relapsed and/or refractory hematological malignancies has warranted their application in other cell types and disease models (224, 225). CARs are synthetic receptors that consist of an extracellular single chain variable fragment (scFv) linked via a hinge and transmembrane domain with an intracellular CD3 activation domain and depending on the CAR generation typically contain 0-2 costimulatory domains. CARs can be advantageous compared to T-cell receptor (TCR) guided approaches when T-cells are unable to sufficiently recognize and activate in response to antigen in an MHC restricted manner (226). CARs have been used to redirect Treg to target 2,4,6-trinitrophenol (TNP), carcinoembryogenic antigen (CEA), factor VIII (FVIII), myelin oligodendrocyte glycoprotein (MOG), human leukocyte antigen A2 (HLA-A2), and CD19 in preclinical models of colitis, hemophilia, multiple sclerosis, and transplantation, respectively (224, 227). Despite reports of cytotoxicity as a mechanism of suppression by Treg (77), it is surprising that the majority of the CAR Treg studies published to date have found negligible to minimal cytotoxicity towards antigen expressing target cells (228–232). Lack of cytotoxicity has been beneficial for tissue-specific CAR Treg generated to protect the target tissue. However, the lack of cytotoxicity by these CAR Treg could be due to the experimental conditions used to generate CAR Treg or measure killing.

Some groups have recently targeted B cells using CD19 specific CAR (CAR19) Treg in xenogeneic models of skin transplantation and GVHD. Imura et al. (2020) found minimal to negligible in vitro killing by human CAR19 Treg (233). While CD19 CAR Treg engaged in negligible killing of CD19 target cells using a 1:1 E:T ratio, a higher E:T ratio demonstrated CAR19 Treg could kill 17% of CD19 target cells compared to 60% killing mediated by CAR19 Teff. Boroughs et al. (2019) reported human CAR19 Treg killed approximately 45% CD19 B cells in vitro at a 1:1 ratio using the perforin-granzyme pathway (234). Imura et al. (2020) (233) argued that their negligible CAR19 Treg killing was associated with a higher Treg purity as they used CD4+CD25hiCD127loCD45RA+ Treg, whereas Boroughs et al. (234) used bulk CD4+CD25hiCD127lo Treg which contained CD45RO+ cells that have been shown to behave more like effectors based on lower expression of Treg markers and higher production of pro-inflammatory cytokines (233). However, Boroughs et al. (234) directly tested this hypothesis and found that CD45RA+ CAR Treg displayed equal killing when compared to bulk Treg. They also generated an EGFR specific CAR Treg in the same conditions as CD19 CAR Treg and demonstrated it had minimal but measurable killing of antigen EGFR+ skin grafts (234). Koristka et al. (235) also found that their human UniCAR-CD28 Treg killed approximately 20% of target cells, whereas the 4-1BB based CAR Treg killed about 10% of targets. Together, these studies demonstrate CAR Treg have the potential to engage in killing of target cells in vitro and in vivo.

The CAR design, antigen targeted, the affinity or signal strength of the CAR, whether CARs undergo tonic signaling, CAR mediated exhaustion, or cell intrinsic mechanisms of Treg may all influence cytotoxicity. The majority of CAR Treg studies that compared the CD28 and 4-1BB costimulatory domains found that CD28 costimulation was superior based on increased expression of Foxp3, CTLA-4, and Helios, IL-10 production, and enhanced suppressive function both in vitro and in vivo (233, 234, 236). Another group reported that human CAR Treg with the 4-1BB costimulatory domain produced less inflammatory cytokines and were less cytolytic compared to the CD28 domain, suggesting CAR Treg with 4-1BB domain may be more stable in vivo (235). In contrast, Boroughs et al. (2019) (234) found that human CAR19 Treg with either 4-1BB or CD28 costimulatory domains had comparable in vitro killing, suggesting killing was not dependent on the costimulatory domain used. Further research will be necessary to evaluate optimal CAR Treg design and determine whether a specific costimulatory domain has the potential to reduce or enhance Treg cytotoxicity. Secondly, whether antigen specificity or affinity may have a role in the induction of cytolytic mechanisms in CAR Treg remains to be determined. Boroughs et al. (234) evaluated whether higher scFv affinity played a role in cytolytic induction of CAR Treg. To do this, they generated a CAR with the same components as the original construct except now the scFv was directed to EGFRvIII which has been reported to have a significantly lower affinity to its antigen compared to the CD19 scFv (EC50 of ~100 ng v 6 ng). Using EGFRvIII+ target cells, they found that EGFRvIII specific CAR Treg could induce comparable target lysis to that measured by CD19 CAR Treg killing (234). These data suggests the affinity of the CAR does not play a role in the cytolytic potential Treg. Lastly, the first human CD8+ CAR Treg study found that CD8+ anti-HLA-A2 CAR Treg with the CD28 costimulatory domain had no cytotoxicity activity toward HLA-A2 kidney endothelial cells (229). These results align with other anti-HLA CAR Treg studies and are interesting as CD8+ Treg are thought to be more cytolytic than CD4+ Treg. How to co-opt, or prevent, the cytolytic potential of Treg will need to be determined to ensure safety of CAR Treg therapy.

CD19 CAR CD8+ T-cells can suppress B cell mediated autoimmune disease by killing B cells, at the expense of significant risk for cytokine release syndrome (CRS) (237–239). CAR Treg have the potential to engage in cytolytic mechanisms without CRS due to their immunosuppressive potential and relative lack in proinflammatory cytokine production. Such cytolytic CAR Treg could be evaluated in autoimmune disease and in transplantation of recipients with B cell mediated hematologic malignancies. B-cell specific CAR Treg may have the potential to kill pathogenic B-cells and induce bystander suppression to dampen deleterious and excessive inflammation associated with autoimmunity and GVHD (231, 240). It has been reported that non-cytolytic, human CD19 CAR CD4+ Treg compared to human CD19 CAR CD8+ T-cells maintain weights and clinical scores in models of GVHD with no measurable increase in IL-6 production, one of the CRS hallmarks, suggesting CAR Treg may have a lower risk for CRS (233); whether cytolytic CAR19 Treg also prevent CRS will need to be investigated. Cytolytic CAR Treg may offer a new therapeutic approach that allows for suppression of excessive, pathologic inflammatory responses while simultaneously inducing apoptosis of B-cells that produce pathogenic antibodies as well as present antigen to potentiate disease. Unfortunately, B-cell specific CAR Treg therapy would also target non-pathogenic B-cells leading to B-cell aplasia. Suicide genes, cell surface antigens that can be targeted by antibodies, cytolytic function induced upon activation, or logic gate to control cell decisions to kill or spare a given cell population may be necessary to regulate cytolytic CAR Treg function in vivo (241). In conclusion, HLA-A2 CAR Treg demonstrate minimal to negligible cytotoxicity, while CD19 CAR Treg studies show measurable in vitro cytotoxicity. These data support a potential role of for CD19 CAR Treg to engage in cytotoxicity in vivo. Thus, there is dire need to study whether cytotoxicity is present in various CAR Treg constructs, as well as understand how it’s regulated so we can ensure safety and efficacy.



Conclusion and Future Directions

Our understanding of Treg biology has significantly improved over the last 20 years. However, much is left to understand how Treg behave in vivo and what mechanisms are required for their effective control of immune responses. Mounting evidence demonstrates that there are multiple subtypes of regulatory T-cells within CD4+ T-cells and CD8+ T-cells, and some which do not require Foxp3 expression. A highly debated and controversial topic has been cytolysis as a mechanism of suppression by Treg. Some have argued that the measured killing by Treg is explained by impurities of Treg culture and attributed to contaminating Teff. However, others have directly addressed these concerns by sorting pure populations of Treg and demonstrated comparable Treg killing. Mouse and human Treg studies support cyTreg as a suppressive regulatory cell capable of dampening inflammatory immune responses in vivo, as well as capable of utilizing cytolytic mechanisms towards target cells in order to regulate immune responses. There are multiple reports of CD4+ and CD8+ cyTreg, as well as Tr1 cells engaging in killing mechanisms to effectively suppressing an inflammatory milieu, such as GVHD, while maintaining or possibility potentiating killing responses, such as GVL. There is evidence to support that CD8+ Treg are equally, if not more, suppressive in vitro than an equivalent CD4+ Treg. Although CD8+ Treg may not be better suppressors when compared to CD4+ Treg in GVHD studies they do offer the key advantage of potently maintaining the GVL response. Further, when CD4+ and CD8+ iTreg are combined, GVHD suppression with maintenance of the GVL effect are improved as compared to either subset alone. Additionally, it appears that while CD8+Foxp3neg Treg do play a role in immune suppression they are not sufficient to solely maintain immune homeostasis and tolerance, as IPEX patients with Foxp3 mutations in both CD4+ and CD8+ Foxp3+ Treg populations experience severe immune dysregulation. CD4+Foxp3+ Treg are equally, or more potent, in immune regulation than CD8+Foxp3+ Treg, although in certain situations, CD8+Foxp3+ would be the more desirable population. Thus, continued investigations as to the optimal regulatory subtypes will be critical to enhance Treg cell therapy for various disease models, particularly for transplantation and autoimmune disorders.

cyTreg offer a new avenue for Treg cell therapies. cyTreg would be highly beneficial in the context of alloHSCT whereby GVHD suppression and GVL maintenance could be both achieved. It would also be of interest in B-cell mediated diseases (e.g. autoimmune disorders) whereby suppression of highly inflammatory environments is necessary and killing of the pathogenic B-cells would suppress autoimmune responses. Furthermore, cyTreg would be highly advantageous in chronic infection models to dampen excessive inflammation and where killing of infected cells would be desired. However, cyTreg could be highly detrimental in the setting of CAR Treg redirected to alloantigens to suppress solid organ allografts. With Treg cell therapies currently under investigation in early clinical trials for solid organ transplant, alloHSCT, and autoimmune diseases, it will be imperative to explore the potential cytotoxicity of these therapies. Due to low frequencies of CD4+ Treg and CD8+ Treg, genetic engineering of potent cyTreg or improved methods for either in vitro or in vivo induction, expansion or activation will be necessary to increase the therapeutic index of these Treg cell therapies. The lack of a comprehensive phenotypic and functional definition of CD8+ cyTreg subtypes and CD8+ Teff populations continues to hinder the development of cyTreg based bifunctional therapies for clinical translation. As such, further strides are necessary to clearly distinguish between Teff and cyTreg populations. Thus, there is a critical need to investigate what mechanisms regulate cyTreg cytotoxicity in an effort to develop and optimize Treg cell therapies for each disease model and disease. Altogether, cyTreg offer an exciting avenue to expand our understanding of Treg biology, as well as develop safer and more effective Treg therapies for clinical use.
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Cytotoxic T cells (CTLs) are the main cellular mediators of the adaptive immune defenses against intracellular pathogens and malignant cells. Upon recognition of specific antigen on their cellular target, CTLs assemble an immunological synapse where they mobilise their killing machinery that is released into the synaptic cleft to orchestrate the demise of their cell target. The arsenal of CTLs is stored in lysosome-like organelles that undergo exocytosis in response to signals triggered by the T cell antigen receptor following antigen recognition. These organelles include lytic granules carrying a cargo of cytotoxic proteins packed on a proteoglycan scaffold, multivesicular bodies carrying the death receptor ligand FasL, and the recently discovered supramolecular attack particles that carry a core of cytotoxic proteins encased in a non-membranous glycoprotein shell. Here we will briefly review the main features of these killing entities and discuss their interrelationship and interplay in CTL-mediated killing.




Keywords: lytic granule, SMAP, FasL, cytotoxic T cell, granzyme, perforin



Introduction

Cytotoxic T lymphocytes (CTL) are the arm of the adaptive immune system specialised in killing virally infected or malignant cells. They are classically derived from CD8+ naive T cells that undergo a complex differentiation program following antigen recognition (1, 2), although CD4+ cells can also become cytotoxic effectors (3). CTLs trigger the apoptotic demise of their cell targets by exploiting a diversified arsenal of cytotoxic mediators stored in organelles, or “lytic granules” (LG) that are released on target cell recognition into the synaptic cleft, a space that forms at the highly organized interface of the CTL with its target (4).

Since the seminal discovery that LGs are secretory lysosomes carrying a cargo of proteases and the pore-forming protein perforin (Prf) that assists their delivery to the CTL target (5), the scenario has become significantly more complex. Other lysosome-related organelles (LRO) (6, 7) have been identified that contribute to the killing ability of CTLs, including extracellular vesicles (EV) carrying the apoptosis-inducing factors Fas ligand (FasL) and APO2 ligand (APO2L)/TRAIL generated in multivesicular bodies (MVB) (8–10) and, more recently, the supramolecular attack particles (SMAPs) originating from a new, as yet only partly characterised LRO (11, 12). Here we will briefly review the three known classes of LRO exploited by CTLs for killing and discuss their specific role in this process to confer CTLs the ability not only to efficiency eliminate individual target cells, but also to make them powerful serial killers.



The Arsenal of CTLs


Lytic Granules

LGs were initially characterised as killing entities of 300-1100 nm consisting of an electron-dense core often surrounded by 30-70 nm vesicles enclosed by the delimiting outer membrane (5). LG fractionation allowed for the identification of their cytotoxic contents, which consist of a battery of serine proteases with different substrate specificity, the granzymes (Gzm) (13), and Prf, a protein with structural and functional homology to bacterial pore-forming toxins (14), packed together on a scaffold of the proteoglycan serglycin (Srgn) (15) in the dense core. Additionally, LGs contain the processed, 9 kDa isoform of granulysin, a saposin-like membrane-disrupting protein (16). Several pieces of evidence witness to the lysosomal origin of LGs, including the low pH and the presence of lysosomal hydrolases (e.g. cathepsin D) and of lysosomal membrane glycoproteins (e.g. LAMP-1) (5, 17). The multivesicular cortex of LGs is also enriched in the cation-independent mannose-6-phosphate receptor (CI-MPR), which transports the acid hydrolases to lysosomes (18). The multivesicular structure of LGs is generated through the invagination of the membrane of early endosomes (EE) (19), the sorting hub for proteins endocytosed at the cell surface, which accounts for the identification of plasma membrane-associated proteins such as T cell receptors (TCRs) and integrins in the multivesicular cortex (17) and highlights the endolysosomal origin of these organelles.

The pathways that regulate LG biogenesis downstream of expression of their components have been in part elucidated (Figure 1). Granzymes, of which the best characterized is GzmB, enter the endoplasmic reticulum (ER) as inactive precursors that are sorted at the trans-Golgi network (TGN) by the CI-MPR (20) following N-glycosylation and acquisition of a mannose-6-phosphate moiety, and bud off in endocytic carriers in a process involving the endosomal sorting complex required for transport (ESCRT) machinery (21). Gzms are first transported to EEs, wherefrom they are sorted into MVBs and directed to late endosomes (LE) (19). At the low local pH they complete their proteolytic maturation but are maintained inactive both by the low pH and through their sequestration by Srgn in the dense core (13). By contrast, the pathway that regulates Prf transport to maturing LGs is as yet poorly characterized. A molecular determinant within its C-terminus and N-linked glycosylation (22), as well as LAMP-1 interaction with the AP-1 sorting complex (23), are required for its efficient export from the ER and LG localisation. Multiple levels of control ensure that Prf is kept inactive until release upon CTL activation. To polymerise and form pores on biological membranes Prf requires Ca2+ binding, which is prevented by the low pH of LGs. Additionally, Prf is kept in a monomeric form by Srgn binding (24). As opposed to the lytic components of the dense core, integral LG membrane proteins such as LAMP-1 or LAMP-2 are sorted at the TGN through canonical tyrosine-based or di-leucine-based motifs that are recognized by AP-1 (25).




Figure 1 | The three pathways to target cell killing by CTLs. (A) Following routing to the secretory pathway at the endoplamic reticulum (ER), the components of lytic granules (LG) -granzymes (Gzm), perforin (Prf) and serglycin (Srgn)- are sorted at the Golgi apparatus for transport to early endosomes (EE), wherefrom they transit through multivesicular bodies (MVB) and late endosomes (LE) to mature LGs. Gzms are tagged for transport by the cation-independent mannose-6P receptor (CI-MPR) through N-glysosylation and the addition of a M-6P moiety, while Prf is sorted through clathrin-dependent and -independent pathways. At LEs Gzms and Prf become activated but remain in an inactive state until their release and eventually localize in two types of mature LGs, single-core granules (SCG) or multiple-core granules (MCG), accumulating as multimolecular complexes held together by Srgn. Upon formation of the immunological synapse (IS) with the cognate cell target SCGs are mobilized to the cell-cell contact and fuse with the IS membrane, releasing soluble Gzm-Prf complexes that are taken up by the target cell through the pore-forming activity of Prf. In MSGs Gzm-Prf-Srgn complexes are encased in a glycoprotein shell enriched in thrombospondin-1 to form the SMAPs. Following CTL activation, MCGs undergo fusion with the IS membrane with a delayed kinetics compared to SCGs and release their cargo of SMAPs, which are taken up by the cell target through an as yet unidentified mechanism. (B) FasL transits through the ER, Golgi apparatus and EEs to MVBs, where it becomes associated both to the limiting membrane and to intraluminal vesicles that mature into EVs. FasL may also be partly segregated to Gzm- and Prf-containing LGs. On encounter of their cognate cell target CTLs mobilize MVBs to the IS, releasing FasL both at the synaptic membrane and into the synaptic cleft as FasL-containing EVs. Both plasma membrane-associated and EV-associated FasL can interact with Fas on the target cell membrane, triggering the Fas- and caspase-dependent death pathway. Fas-dependent killing is delayed compared to Gzm/Pfr-dependent killing and is essential for the serial killing activity of CTLs.



TCR engagement on CTLs triggers centrosome polarisation towards the contact with the target cell and its close apposition to the synaptic membrane in a process tightly regulated by the actin and tubulin cytoskeletons, which sets the stage for the dynein- and AP-3-dependent transport of LGs to the immunological synapse (IS) center (26, 27), as well as by TCR signal strength (28). Interestingly, rapid LG secretion on target cell encounter can occur in the absence of centrosome polarisation, which is instead essential for the establishment of stable, stimulatory synapses (29), suggesting an alternative mechanism for LG mobilisation to the target cell contact.

Gzm- and Prf-enriched LGs acquire the ability to dock to the plasma membrane and deliver their cytotoxic cargo into the synaptic cleft through two sequential maturation steps that have been extensively characterized following the identification of gene mutations responsible for primary immunodeficiency disorders associated with defective CTL function (30). LG docking to the synaptic membrane requires the acquisition of two key trafficking regulators: the Rab GTPase Rab27 and its effectors synaptotagmin-like proteins SLP1/2, and the adaptor Munc13-4 (31–37). According to one model, this involves fusion of maturing LGs with an intermediate exocytic vesicle generated through the Munc13-4-dependent fusion of recycling endosomes (RE), which carry Munc13-4, with LEs, which carry Rab27a (37). The resulting docking-competent LGs exploit the phospholipid-binding ability of SLP1/2 to interact with the synaptic membrane. Docked LGs become fusogenic through a priming step, which also depends on Munc13-4 (37). This involves the formation of a complex between the vesicle-soluble NSF attachment protein receptor (v-SNARE) VAMP7 at the LG membrane and the target-soluble NSF attachment protein receptor (t-SNARE) syntaxin 11 and its partners SNAP23 and Munc18-2 at the plasma membrane (38–40). More recent data indicate that, rather than fusing before delivery to the IS, REs carrying Rab27 and Munc13-4 and LGs polarise to the IS independently and undergo sequential fusion (41). Accordingly, syntaxin 11 has also been shown to be transported to the IS by REs and released with the assistance of the v-SNARE VAMP8, thereby marking the location for LG docking (42).

Once released into the synaptic cleft, Prf and Gzms cooperate to promote the apoptotic demise of the CTL target. Although the key role for Prf in the delivery of Gzms to the cognate target has been well established, different mechanisms have been proposed, all involving the pore-forming activity of Prf, the polymerisation of which is enabled by its dissociation from Srgn at the higher pH of the synaptic cleft and Ca2+ binding: i) delivery of Gzms to the cytosol of the target cell through Prf pores, either directly at the synaptic membrane (43) or following their co-internalisation in endosomes (44, 45); or ii) internalisation of Gzms as a membrane repair response triggered by Prf-induced membrane damage (46). In the cytosol Gzms induce target cell apoptosis by activating caspase-dependent and caspase-independent pathways (13). Granulysin also contributes to the cytotoxic activity of LGs by interacting with the target cell membrane through its positive charges and inducing the influx of Ca2+, which leads to mitochondrial damage and caspase-3 activation (16).



FasL Granules

In addition to their LG-dependent cytotoxic activity, CTLs exploit the Fas pathway to kill target cells (47). CTLs express FasL, a type II transmembrane protein that is upregulated at the cell surface in response to target cell recognition. Similar to Gzms and Prf, pre-formed FasL is stored in LROs that had been proposed to correspond to LGs, based on its co-localisation with LG markers and the observation that FasL delivery to the cell surface was dependent on degranulation (48). More recent findings indicate that FasL, while indeed stored in LROs, is associated with granules that appear distinct from canonical, dense-core LGs (49). Proteomic analyses identified two subpopulations of cytotoxic granules of different size, of which the larger (300-700 nm) is enriched in FasL and lysosome/MVB markers, and the smaller (<300 nm) in Gzms and Prf (50). Additionally, release of pre-stored FasL was found to have a lower TCR signal threshold than LG release, to be microtubule- and extracellular Ca2+-independent, and under certain stimulation conditions to occur in the absence of degranulation (49, 51, 52). The association of intracellular FasL with two populations of LGs, as documented in NK cells (53), may account for these discrepancies.

FasL is targeted to MVB, where it localises together with APO2L/TRAIL both at the limiting membrane and in CD63+ intraluminal vesicles (ILV) that are released into the synaptic cleft as EVs (8, 9, 48, 54). Sorting of FasL into MVBs is regulated by phosphorylation by Src kinases that interact with its proline-rich domain and by mono-ubiquitylation (10, 55) which allows for its routing to the ESCRT pathway (21). In this pathway proteins destined for LEs and lysosomes are sorted into ILVs at EEs through recruitment of ESCRT-0, which binds phosphatidylinositol 3-phosphate (PI3P) on the endosomal membrane and mono-ubiquitylated proteins, followed by sequential binding of ESCRT-I and ESCRT-II to nucleate ESCRT-III filaments. These drive the process of membrane deformation that is essential for invagination and pinching off of ILVs (21).

Upon target cell recognition, MVBs polarise towards the centrosome and undergo fusion with the synaptic membrane in a process that in T cells is regulated by diacylglycerol kinase α and the tetraspanin MAL (56, 57). Depending on its localisation within the MVB, FasL is either redistributed to the plasma membrane or released in association with EVs. Using supported lipid bilayers (SLB) to allow for tight control of target membrane composition, Balint and colleagues showed that FasL+ puncta were present in the synaptic cleft only when Fas was included in the SLB (11). While this indicates that FasL is associated to EVs, how their delivery is linked to the availability of Fas at the target membrane is not clear. A possible mechanism is suggested by the requirement of CD40 in the SLB for the synaptic release of CD40L+ vesicles from helper T cells, which is triggered by co-clustering of CD40L-CD40 with TCR-peptide major histocompatibility complex (pMHC) (58). Whether plasma membrane- or EV-associated, FasL can engage Fas on the target cell, triggering the assembly of a signaling complex that leads to activation of the apoptotic cascade (47).



SMAPs

The recent discovery of SMAPs (11) has unveiled a third, unconventional mechanism of CTL-mediated cytotoxicity, which is shared by NK cells (59). Balint and colleagues used SLBs functionalised with anti-CD3 mAbs and ICAM-1 to activate CTLs and observed that, after CTL removal, glycoprotein complexes -the SMAPs- were left behind. A proteomic analysis of SMAPs revealed an unexpected composition featuring a lack of membrane proteins and an enrichment in canonical LG effectors (Prf, Gzms, Srgn), as well as glycoproteins, of which thrombospondin-1 (TSP-1) and galectin-1 were prominent components. Super-resolution imaging and structural analyses showed that SMAPs are highly stable ∽120 nm particles, with the lytic effectors concentrated in a core surrounded by a glycoprotein shell. Consistent with their lytic cargo, purified SMAPs have the ability to kill cells autonomously (11).

Within CTLs SMAPs are stored in multicore granules (11). A recent report by the Rettig lab has shed light on the identity of this LG population. Using a mouse knock-in for fluorescently tagged Synaptobrevin2 (Syb2), the murine homologue of VAMP7 that marks fusion-competent LGs, Chang and colleagues (12) purified and characterized mature LGs. They identified two distinct Syb2+ populations that were confirmed to be LGs based on co-fractionation and co-localization with GzmB: a homogeneous population of smaller granules with a single dense core (SCG), and a heterogenous population of larger granules with multiple dense cores (MCG). Proteomic analysis revealed a remarkably different composition of SCGs and MCGs, with SCGs enriched in lysosomal proteins and MCGs in endosomal trafficking regulators. TSP-1 was found to selectively associate with MCGs and to be released in particles with a similar core-shell structure as the human CTL-derived SMAPs. SCGs and MCGs release involved distinct fusion events, suggesting that the two classes of LG mature and undergo exocytosis through independent pathways (12).




How Many Pathways to CTL-Mediated Killing?

While revealing a new weapon in the CTL killing arsenal, the discovery of SMAPs and of MCGs as their putative intracellular storage compartment has added further complexity to the current view of the mechanisms of CTL-mediated killing, from the biogenesis of the LROs that store their killing effectors, to the transport, release and uptake of each class of LRO at the IS formed with their cognate cell target, to their interplay in cytotoxicity.

A first open question is whether different classes of mature Gzm+Prf+ LGs co-exist in CTLs. Until recently the most mature LGs were considered those with a single electron-dense core, which could correspond to the SCGs described by Chang et al. (12), while larger LGs with a single dense core surrounded by ILVs were considered a more immature stage downstream of MVBs in the LG maturation pathway (30). The discovery of MCGs as a distinct class of mature LGs that are Gzm+Prf+TSP-1+ (12) has challenged this view, suggesting branching of the LG biogenesis pathway downstream of the accumulation of the cytotoxic effectors, followed by SMAP biogenesis selectively in the MCGs. While the existence of SCGs and MCGs remains to be demonstrated in human CTLs, it is supported by the observation that SMAPs accumulate in MCG-like organelles in these cells (11). The different timing of exocytosis of canonical LGs and SMAPs (11) reinforces the notion that they are independent killing entities exploiting distinct exocytic pathways for release in the synaptic cleft.

Whether FasL, the other main cytotoxic effector of CTLs, is stored in the same LROs where Prf/Gzms/Srgn, are stored is a related, as yet open question. FasL has been initially reported as co-localising with Gzm+Prf+ granules, with a preferential association with ILVs that surround the dense core enriched in Prf/Gzms/Srgn complexes (48) and are released as FasL+ EVs when LGs fuse by the synaptic membrane (8). This view has been challenged by the finding that in mouse CTLs the intracellular FasL pool is localised in vesicles distinct from Gzm+Prf+ LGs that are mobilised to the cell surface independently of degranulation (49). This notion is supported by the identification in human CTLs of two classes of LGs with a different protein composition, of which one enriched in Prf/Gzms and the other in FasL (50). To further confound the picture, FasL was not found in either SCGs or MCGs in mouse CTLs, at least by proteomics (12). In-depth investigation of the pathways regulating the biogenesis and maturation of these different LROs is essential to clarify their interrelationship and interplay in CTL cytotoxicity. In this context, it will be important to address how signal 3 (IL-12, IFN-α), which has been shown to be essential for the acquisition of cytolytic function by CD8+ T cells (60, 61), impacts on the biogenesis of each of these killing entities.

A second question is whether the three cytotoxicity pathways, of which two mediated by the same effectors -Gzms and Prf- delivered in either soluble form or as SMAPs, and the third by plasma membrane- or EV-associated FasL activating the death pathway, have unique or redundant roles in killing. The fact that the demise of cancer cells, such as melanoma cells, is delayed and less efficient compared to normal cells (62) also due to the deplyoment of counterattack strategies such as secretion of FasL+ and APO2L/TRAIL+ EVs (63), suggests a requirement for all three mechanisms for efficient killing. Based on the time required for Gzm/Prf- versus FasL/Fas-dependent killing (64, 65), it has been proposed that the initial individual killing events are triggered by the Gzm/Prf pathway, while the FasL/Fas pathway is mainly responsible for the subsequent multiple killing events. Using reporters that allow to discriminate between Gzm-mediated and FasL-mediated killing in NK cells, Prager and colleagues have shown that these cells switch from GzmB to caspase-8 (a marker of the apoptosis pathway triggered by FasL) during serial killing, and that this ability was impaired in FasL-deficient cells (66). This tight coordination of the two killing pathways is likely to be shared by CTLs, although the requirement for de novo synthesis of GzmB and Prf for serial killing, recently shown to involve mitochondrial control of their mRNA translation (67), indicates that this model may have to be reassessed. How SMAPs enter the picture remains to be understood. SMAPs are autonomous, long-lived killing entities (11), similar to FasL+ EVs. Hence they may act as slow-release devise for Gzms and Prf after their soluble counterparts have been rapidly taken up by the cognate cell target at the synaptic cleft. While this suggests that SMAPs may contribute both to the effective elimination of the initial CTL target and to the process of serial killing, the requirement for SMAPs in CTL-mediated killing and the underlying mechanisms need to be elucidated to answer this question.



Conclusions and Perspectives

CAR T cell-based immunotherapy has emerged as a powerful strategy to mobilise the killing potential of CTLs to specifically target tumor cells. However, despite spectacular results in the treatment of haematological malignancies, CAR T cell therapy poses major hurdles due to adverse effects that include excessive, life-threatening production of proinflammatory cytokines, limited ability of CAR T cell penetration into solid tumors and disabling by suppressive factors produced by the tumor microenvironment (68). A promising alternative to CAR T cell therapy is based on the finding that, upon activation, T cells release MVB-derived EVs that display TCR complexes, integrins and FasL on their limiting membrane (9, 17, 69) and are enriched in cytotoxic components of LGs (70). Pre-clinical studies showed that these EVs can kill tumor cells carrying cognate pMHC (71, 72). This has led to the idea of translating the advantages of CAR T cell therapy to a CAR T cell-derived EV-based therapy, which maintains the specific anti-tumor activity of the cell of origin while bypassing the CAR T cell-related adverse effects. The potential of this approach is underscored by the flurry of studies in a variety of disease contexts and by the progress in the development of modified or synthetic EVs that incorporate selected cargo. SMAPs, with their cargo of toxic molecules and their long half-life, could represent an attractive new CTL-free immunotherapeutic for cancer treatment if provided with the ability to recognize specific tumor antigen by engineering the glycoprotein shell. Dissecting the pathways that regulate the biogenesis of all the cytotoxic particles produced by CTLs and NK cells will help designing new, robust and safe anticancer therapies.
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NK cell-mediated cytotoxicity is a critical element of our immune system required for protection from microbial infections and cancer. NK cells bind to and eliminate infected or cancerous cells via direct secretion of cytotoxic molecules toward the bound target cells. In this review, we summarize the current understanding of the molecular regulations of NK cell cytotoxicity, focusing on lytic granule development and degranulation processes. NK cells synthesize apoptosis-inducing proteins and package them into specialized organelles known as lytic granules (LGs). Upon activation of NK cells, LGs converge with the microtubule organizing center through dynein-dependent movement along microtubules, ultimately polarizing to the cytotoxic synapse where they subsequently fuse with the NK plasma membrane. From LGs biogenesis to degranulation, NK cells utilize several strategies to protect themselves from their own cytotoxic molecules. Additionally, molecular pathways that enable NK cells to perform serial killing are beginning to be elucidated. These advances in the understanding of the molecular pathways behind NK cell cytotoxicity will be important to not only improve current NK cell-based anti-cancer therapies but also to support the discovery of additional therapeutic opportunities.
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1 Introduction

Natural Killer (NK) cells are cytotoxic lymphocytes of the innate immune system that provide immune surveillance and first-line defense against microbial infections and tumors (1–4). Human NK cells compose 5-15% of circulating peripheral blood lymphocytes, but also present wide tissue distribution with varying numbers and sub-populations (5). Although NK cells modulate immune responses by producing a variety of inflammatory cytokines and chemokines (2, 6), NK cell cytotoxicity is the most critical function required for the ultimate clearance of tumorous, infected, or stressed cells. Like other immune cells, the overall activation and maturation of circulating NK cells is affected by inflammatory cytokines and chemokines (7, 8). However, the recognition and binding of NK cells to tumorous or unhealthy “non-self” target cells is the major driver that induces NK cell cytotoxicity (9). A wide range of activating and inhibitory receptors are expressed on the surface of NK cells, and upon binding to its target cell, a balance of signals from engaged activating and inhibitory receptors determines the NK cell response. In this way, NK cells can identify “non-self” cells to kill, while maintaining self-tolerance. Since NK cells rely on germ-line encoded NK receptors without any DNA rearrangement, they are categorized as innate members of the immune system. However, NK cells also present advanced immune functions like T and B cells, in which they present memory-like responses against specific antigens and certain activating cytokines (2).

The initial tethering of an NK cell to a target cell is mediated by adhesion molecules including selectins and integrins expressed on the NK cell surface (1, 10). Upon activation, the NK cell establishes a specialized interface with the target cell known as the cytotoxic synapse (CS), which is mediated by increased affinity interaction of integrins with their ligands expressed on the target cells. The CS is further strengthened as the actin cytoskeleton at the CS is reorganized and more integrins are recruited to the CS. Ultimately, NK cells secrete preformed secretory lysosomes called lytic granules (LGs) directly toward bound target cells, a process known as cell-mediated cytotoxicity (1–4). However, NK cells can also induce death receptor-mediated apoptosis of target cells (4, 11, 12). NK cells express death receptor ligands including FasL (CD95L) and TNF-related apoptosis-inducing ligand (TRAIL) (13). Engagement of these ligands with Fas (CD95) and TRAIL-R1/-R2, respectively, on the target cells can induce target cell apoptosis. Additionally, NK cells secrete biologically active extracellular vesicles (EVs) that contain cytotoxic proteins like perforin and granzymes and other immune modulatory molecules (14–17). These secreted vesicles seem to have immune regulatory functions and present anti-tumor effects. For a discussion of the similarities and distinctions between the LGs and NK-EVs regarding composition and molecular processes, the reader is referred to a recent excellent review (18). In line with this, both CD8+ cytotoxic T lymphocytes (CTLs) and NK cells were also found to secrete cytotoxic supramolecular attack particles (SMAP) composed of thrombospondin-1 (TSP-1), perforin, and granzyme B (19, 20). SMAP is distinct from extracellular vesicles because it exists in a membrane-less protein complex in which perforin and granzyme B are contained within a glycoprotein TSP-1 shell. Future studies will be required to elucidate the detailed characteristics of these extracellular vesicles and protein complexes including the physiological functions and molecular pathways behind their synthesis and secretion as well as their mechanism(s) of action. Additionally, elucidating how NK cells protect themselves from the cytotoxic effects of NK-EVs and SMAP will be an interesting and important area for future research.

Many current approaches in cancer immunotherapy rely on the cytotoxic activities of NK cells (4, 21–23). Several cytokine and checkpoint inhibitor therapies are designed to enhance the cytotoxicity of NK cells against tumors. In the field of adoptive transfer and chimeric antigen receptor (CAR) therapies, NK cells are thought to possess several advantages compared to CTLs: 1) readiness for cytotoxicity without pre-activation and clonal expansion, 2) relatively short lifespan, 3) lack of requirement for antigen specificity targeting tumor cells, and 4) lack of requirement to match major histocompatibility complex (MHC) molecules expressed on the target cells. In addition, antibody-based therapies against tumor-specific antigens can induce antibody-dependent cellular cytotoxicity (ADCC) by NK cells, since low affinity Fc receptor CD16 (FcγRIIIA) is a major activating receptor on NK cells. These examples of utilizing NK cell-mediated cytotoxicity in cancer therapies highlight the importance of better understanding the mechanisms behind the cellular cytotoxicity of NK cells.

In this review, we will summarize the current understanding of the mechanisms of NK cell-mediated cytotoxicity from LG biogenesis to the degranulation process. For updates on additional modes of NK cytotoxicity or other NK cell functions and biology, the reader is referred to other excellent reviews (1–4, 10).



2 Biogenesis of Lytic Granules

Cell-mediated cytotoxicity of NK cells and CTLs is achieved by the directed release of cytolytic granules toward bound target cells. Lytic granules (LGs) are a specialized subset of lysosomes which contains both lysosomal and secretory proteins that are usually compartmentalized in separate organelles in most other cell types (1, 24, 25). Therefore, LGs are also referred to as secretory lysosomes. In the case of CTLs, resting unstimulated cells do not express LGs (26, 27). Only upon T cell receptor engagement, CTLs initiate biosynthesis of electron-dense LGs. On the contrary, NK cells constitutively express LGs, thereby enabling NK cells to be primed for killing without any prior sensitization.

Secretory lysosomes are like lysosomes in that both have similar morphology and contain an acidic environment with a pH ranging from 5.1-5.4 (28). Like lysosomes, secretory lysosomes also contain proteins with hydrolytic and degradative functions like acid hydrolases and contain common lysosomal soluble (including cathepsins) and transmembrane (including lysosome-associated membrane protein [LAMP]) proteins. However, secretory lysosomes are distinguished from lysosomes by the following characteristics. First, secretory lysosomes contain additional specialized cell-type-specific components. Most cell types containing secretory lysosomes are hematopoietic lineage cells, but secretory lysosomes are also found in melanocytes and endothelial cells. In melanocytes, the secreted contents include melanin protein which is responsible for the pigmentation of skin. On the other hand, the LGs of NK cells and CTLs are mainly composed of pore-forming and apoptosis-inducing molecules such as perforin, granzymes, granulysin, and Fas ligand. Another major distinction is that although both organelles are the endpoint of endocytic pathways, secretory lysosomes undergo additional secretion processes under certain stimulatory conditions. The secretion process of secretory lysosomes seems to be mediated by common molecular machineries regardless of cell type. In the case of genetic immune disorders like Chediak-Higashi syndrome (CHS) and Hermansky-Pudlak syndrome (HPS) type 2, the patients not only have immunodeficiency mainly caused by impaired secretion of LGs by NK cells and CTLs, but also present hypopigmentation (due to impaired melanin secretion) and excessive bleeding (due to absence of dense granules in platelets) (29, 30). In the following sections, we will describe the major components of LGs and their biosynthesis as well as the regulators involved in LG biogenesis.


2.1 Major Lytic Granule Components and Their Biosynthesis


2.1.1 Granzymes

Granzymes are a family of serine protease proteins expressed in cytotoxic lymphocytes (4, 31, 32). There are 5 granzyme proteins (A, B, H, K, and M), and each granzyme exhibits unique protease characteristics with different substrate specificities. The wide range of granzyme protease activities induce different apoptosis pathways in caspase-dependent and -independent manners. It is interesting to note that granzyme H and M are predominantly expressed in NK cells (33, 34). However, most of the current understanding of granzymes is based on granzymes A and B. For a detailed description of the characteristics and apoptosis pathway initiated by each granzyme, the reader is referred to these excellent reviews (4, 31, 35).

Granzymes are synthesized as pro-enzymes (zymogen), which contain a signal peptide that directs them to the endoplasmic reticulum (ER) and an inhibitory dipeptide that keeps the protein in an inactive form (Figure 1) (36). Once the zymogen protein is translated into the ER lumen, it is transferred to the cis-Golgi, where it is further modified to have a mannose-6-phosphate (M6P) moiety. The modified zymogen protein is then delivered to the endosome by the M6P receptor (MPR) and finally to the LGs (37). Once in the LGs, granzymes are finally converted to their mature and active form by removal of the inhibitory dipeptide by the cysteine proteases cathepsin C or H (38–40). The importance of granzyme processing is revealed in Papillon–Lefèvre syndrome (PLS), which is caused by autosomal recessive mutation of CTSC gene that encodes cathepsin C (Table 1) (41, 42). Cathepsin C is a lysosomal cysteine protease that processes granzyme A and B (43). PLS patients are unable to synthesize fully mature and active granzyme due to loss of cathepsin C function and this results in impaired NK cytotoxicity and increased susceptibility to viral infections (38).




Figure 1 | Biosynthesis and trafficking of granzymes and perforin to lytic granules. Both granzymes and perforin are translated into the ER and trafficked to the Golgi. Addition of mannose-6-phosphate (M6P) to granzymes facilitates transport of granzymes to lytic granules (LGs) via M6P receptors. Transport of perforin to LGs is mediated by LAMP1 and adaptor protein 1 (AP1) sorting complex via an unknown mechanism. Both perforin and granzymes are processed into active forms by cathepsins and other proteases in the LGs but maintained in an inactive state via their association with serglycin.




Table 1 | Human Primary Immunodeficiency Syndromes Associated with Impaired Lytic Granule (LG) Degranulation by NK Cells.





2.1.2 Perforin

Perforin is a pore-forming protein that enables delivery of apoptosis-inducing serine proteases like granzymes into target cells (4, 44). The perforin-mediated pores also impose osmotic stress on the target cells inducing apoptosis. This pore-forming activity of perforin is calcium- and pH-dependent; perforin is inactive in an acidic environment (44, 45). Perforin binds to the target cell membrane in a calcium-dependent manner (mediated by a calcium-binding C2 domain), oligomerizes into a pore complex, and creates a pore mediated by the membrane attack complex-perforin (MACPF) domain (46). The indispensable role of perforin activity in NK cells and CTLs is exemplified in type 2 familial hemophagocytic lymphohistiocytosis (FHL2) (Table 1) (47, 48). FHL2 is an autosomal-recessive disorder caused by mutation in PFR1 gene, which encodes perforin. Various mutations affecting the maturation, folding, membrane binding, and oligomerization of perforin have been identified, which causes a highly variable perforin protein expression in patients. Although FHL2 patients presented with normal ranges of other components of LGs as well as normal degranulation processes, patient NK cells have defective cytotoxicity due to an inability to form pores on the bound target cells.

Like granzymes, perforin is initially synthesized as an inactive precursor in the ER and trafficked to the Golgi and finally to the LGs (Figure 1) (44, 45). However, the detailed mechanism by which perforin is sorted from the trans-Golgi network into the LGs remains unclear. LAMP1 and adaptor protein 1 (AP1) sorting complex, which are direct interacting partners, seem to mediate perforin trafficking from the trans-Golgi to the LGs (49, 50). Both LAMP1 and AP1 complex were shown to be important for NK cell-mediated cytotoxicity. Interestingly, depletion of either LAMP1 or adaptin γ, a subunit of AP1 complex, caused retention of perforin in cation-independent (CI)-MPR-positive trans-Golgi-derived transport vesicles (49). During the trafficking process, perforin goes through proteolysis and glycosylation. It was recently shown that N-linked glycosylation at the C-terminal end of perforin prevents perforin oligomerization during its transit to the LGs (51). This glycosylation prevents perforin activity in the ER and the Golgi, where calcium is more sufficient, and the pH is neutral. Upon arrival in the LGs, perforin is processed to become an active form, as the C-terminal end of perforin is cleaved by Cathepsin L and other proteases (51, 52).



2.1.3 Granulysin

Granulysin is a member of the saposin-like protein family expressed in NK cells and the pre-activated CTLs of most mammals excluding rodents (53–55). Granulysin is initially synthesized as a 15-kDa precursor protein, which is further proteolytically cleaved into a 9-kDa active form in the LGs (56). The active form of granulysin exhibits pore-forming activity like other members of the saposin-like protein family and permeabilizes the membranes of tumor cells as well as intracellular microbes including bacteria, fungus, and parasites (53, 57). The disrupted membranes not only induce osmotic lysis of target cells, but also become routes for granzymes to enter target cells and intracellular microbes (58, 59).



2.1.4 FasL and TRAIL

Both FasL and TRAIL are type II transmembrane proteins expressed on the surface of NK cells and CTLs and belong to the TNF superfamily (60–63). As mentioned previously, engagement of each ligand with its cognate receptor (collectively known as death receptors) induces apoptosis of the target cell. Interestingly, although these death receptor ligands induce cytotoxicity in target cells via distinct molecular processes from the LG components described above, both proteins were also found to be localized at LGs (64–69). Therefore, expression of these death receptor ligands at the surface of NK cells is achieved by degranulation of LGs (66, 70). In the case of FasL, several studies suggested that FasL is contained within distinct LG vesicles that do not contain cytotoxic proteins such as perforin and granzymes (18, 71–73). In addition, it was also suggested that these LG subsets present different signaling requirements for degranulation and rely on distinct molecular processes for their secretion (18, 74). Future studies are required to better elucidate the identity and molecular regulation of FasL-containing vesicles, and it will be interesting to see whether TRAIL is also stored within the same (or a similar) subset of LG vesicles along with FasL.

Like perforin and granzymes, FasL is initially synthesized in the ER, trafficked to the Golgi, and finally sorted to the LGs. A proline-rich domain at the C-terminal end of FasL was found to be essential in this process by mediating interaction of FasL with various SH3 domain-containing proteins (18, 75). FasL becomes phosphorylated by Src kinases recruited to this proline-rich domain and FasL is also ubiquitinated at lysine residues close to the proline-rich domain (76). Both posttranslational modifications of FasL are necessary for appropriate sorting of FasL to the LGs. The molecular processes mediating TRAIL trafficking to the LGs are currently unknown and await future studies.




2.2 Regulators of Lytic Granule Biogenesis


2.2.1 Adaptor Protein 3 Complex

Adaptor protein 3 (AP3) complex is a hetero-tetrameric protein complex, which is involved in the sorting of many lysosomal proteins including LAMP1, LAMP2, and LAMP3 (CD63) from the endosome or trans-Golgi network to the lysosome (77, 78). The essential roles of AP3 in LG biogenesis are exemplified by type 2 Hermansky-Pudlak syndrome (HSP2), which is caused by mutations in the AP3B1 gene (Table 1) (79, 80). Mutations in β3A-subunit of AP3 (encoded by AP3B1) cause instability of the protein, which leads to the loss of the entire AP3 complex (79, 80). As mentioned previously, HSP2 patients commonly present immunodeficiency, oculocutaneous albinism, and excessive bleeding, implicating impaired functions of cells with secretory lysosomes (81). Because AP3 is ubiquitously expressed, AP3-mediated protein sorting seems to be especially critical in the biogenesis of secretory lysosomes and/or in the sorting of secretory lysosome-specific proteins. Indeed, AP3 was found to mediate the sorting of tyrosinase (the protein required for melanin synthesis) into lysosomes in melanocytes (82). In the case of antigen presenting cells (APCs), AP3 mediates the sorting of CD1b molecules into MIIC compartments (83). AP3 deficiency in HSP2 patients was also found to cause impaired cytotoxicity of both NK cells and CTLs (84–86). It is interesting to note that CTLs from the HSP2 patients contain enlarged LGs (86). However, it remains unclear which specific components are sorted by AP3 into LG and whether AP3 contributes to the biogenesis of the specialized organelle itself.



2.2.2 CHS1/LYST Protein

CHS1/LYST protein is a member of the BEACH (Beige and Chediak) family, which commonly contains a BEACH motif at the C-terminal end (87). Among all BEACH family proteins, which are known to regulate vesicle trafficking, CHS1/LYST protein is specifically involved in the homeostasis of lysosomes in cells with secretory lysosomes (88). This is exemplified in Chediak-Higashi syndrome (CHS), which is caused by mutation of the CHS1/LYST gene (Table 1). Like HSP2, the patients of CHS present recurrent infections, partial albinism, and prolonged bleeding, suggesting impaired activities of cells with secretory lysosomes (87, 89). As expected, both NK cells and CTLs from CHS patients present impaired cytotoxic activities with failure to secrete LGs. However, degradative functions of lysosomes in cells with secretory lysosomes as well as synthesis, processing, and sorting of perforin and granzymes into LGs in CTLs were found to be normal (87, 90, 91). Interestingly, NK cells, CTLs, and melanocytes from CHS patients contain abnormally enlarged lysosomes (87, 90–93). It was shown that the LGs gradually fuse together to become enlarged lysosomes in CTLs (90, 92). In the case of NK cells, CHS1/LYST-depleted or CHS patient NK cells were recently found to have abnormal endolysosomal compartments (91, 93). These observations suggest that the CHS1/LYST protein might mediate lysosome fusion/fission during the lysosomal maturation process. Regarding cytotoxicity, although one study reported that the smaller size of the cortical actin mesh at the CS relative to the enlarged LGs prevented degranulation in CHS1/LYST-deficient NK cells (93), important roles of CHS1/LYST in LG polarization to the CS have also been suggested (91). In addition, Mauve, the Drosophila homolog of CHS1/LYST, not only regulates vesicle fusion of yolk granules (the secretory lysosomes of the Drosophila embryo) but was also found to regulate microtubule nucleation from the microtubule organizing center (MTOC) (94). Therefore, future studies are required to better elucidate the molecular details by which CHS1/LYST regulates the lysosomal fusion/fission process and the impact on cytotoxic activity.




2.3 How do NK Cells Protect Themselves From Activities of Synthesized Lytic Granule Contents?

As we have seen so far, each LG component has its own cytolytic activity. This can potentially cause self-destruction of NK cells during synthesis and maintenance of LGs. NK cells have several protection layers to ensure safe storage and trafficking of cytolytic contents until degranulation. First, the acidic environment inside of LGs prevents the activity of the cytolytic proteins. In this low pH environment, perforin and granzymes also interact with chondroitin sulfate proteoglycan known as serglycin (Figure 1). The association with serglycin keep both cytolytic proteins in an inactive state until secretion (95–98). In addition, several perforin-specific protection mechanisms have been identified (99). As previously mentioned, perforin is N-linked glycosylated at the C-terminus in the ER (Figure 1). This prevents perforin oligomerization and pore-forming activity during its transit to LGs, regardless of calcium concentration and pH (51). Upon arrival at the LGs, the mature perforin without the inhibitory C-terminus is still kept inactive due to very limited availability of calcium (100). In addition, interaction of calreticulin with perforin in the ER and LGs was also suggested to contribute to the inhibition of perforin activity (101).



2.4 Remaining Questions on Lytic Granule Biogenesis

Our current understanding of the biogenesis of the LGs is mainly focused on the biosynthesis and sorting of cytolytic proteins into the LGs but not on the LG organelle itself. Are LGs derived from pre-existing lysosomes or are they generated independently from lysosomes? In addition, components of the lysosomes and LGs are often mediated by the same trafficking and sorting machineries. Therefore, it remains unclear how cells containing LGs distinguish cargoes between the two organelles. In this regard, it is interesting to note that proteins like AP3 and CHS1/LYST involved in LG biogenesis and/or LG protein sorting are ubiquitously expressed. Therefore, it would be interesting to elucidate how the mutations in these proteins only impact cells with secretory lysosomes. It was also recently shown that LG size and contents are associated with the efficiency of NK cell cytotoxicity (102). Future studies aimed at elucidating the mechanisms by which NK cells regulate the amount of cytolytic contents and the size of LGs will also be of interest. Finally, we have very limited understanding of the heterogeneity of the LGs. Thus, it will be interesting to examine potential differences among the LGs inside a single NK cell and define not only how these distinct LGs mature but also the signaling mechanisms regulating their exocytosis.




3 NK Cell Activating Signaling Leading to Cytotoxicity

To date, dozens of NK cell receptors have been identified which can be classified as inhibitory or activating depending on the signaling pathways engaged by the cytoplasmic tail of the receptor or receptor-associated transmembrane signaling adaptor molecules such as DAP10, DAP12, CD3ζ and FcεRIγ. Although we will not be exhaustively discussing inhibitory and activating receptor signaling in this review, it is important to point out, at a high level, that NK activating receptors such as NKG2D/DAP10, NKp46/CD3ζ, CD94/NKG2C/DAP12 and FcγRIIIA/FcεRIγ/CD3ζ regulate an overlapping set of signaling pathways that culminate in the cytokine production and cell-mediated killing through the directed secretion of LGs.

At the pinnacle of signaling from NK activating receptors is the Src family kinase Lck, which directly phosphorylates the YINM motif in DAP10 and the immunoreceptor tyrosine-based activation motifs (ITAMs) within DAP12, CD3ζ and FcεRIγ (Figure 2A). In the case of NKG2D/DAP10, phosphorylation of DAP10 by Lck leads to the recruitment of p85/PI3K and Grb2/Vav1 complexes, which then mediate downstream signaling. In contrast, tyrosine phosphorylation of ITAMs by Lck leads to the recruitment of either ZAP70 or SYK tyrosine kinases which subsequently tyrosine phosphorylates other signaling molecules including adaptors and enzymes to promote signaling leading to cytokine production and cytotoxicity (Figure 2A). The Src family member Fyn is also involved through its phosphorylation of the immune tyrosine-based switch motif (ITSM) found in the co-stimulatory molecule 2B4. This phosphorylation event further enhances signaling pathways engaged by other activating receptors and includes the phosphorylation of Vav1 and PLCγ2 (Figure 2A). PLCγ2 is critically involved in NK cell cytotoxicity and cytokine production as it is the key producer of two second messengers through the cleavage of PI (4, 5)P2 located in the inner leaflet of the plasma membrane to diacyl glycerol (DAG) and IP3. While DAG participates in the activation of PKC – NFκB and Ras-MAPK pathway activation, IP3 stimulates the endoplasmic reticulum to release it luminal store of Ca2+ by binding to the ER-localized IP3 receptor, which in turn leads to STIM interaction with the calcium release activated calcium (CRAC) channel leading to an influx of extracellular calcium into the cell (Figure 2A). This rise in intracellular Ca2+ impacts various cellular processes including the activation of various enzymes, proteins involved in F-actin cytoskeletal dynamics and the activation of the transcription factor NFAT which is involved in interferon-γ gene expression (103, 104). For a more detailed description of the NK receptors and signaling pathways regulated, the reader is referred to several excellent reviews on this topic (104–107).




Figure 2 | NK cell signaling and cytotoxic synapse maturation. (A) Signaling diagram depicting events downstream from human NKG2D-DAP10, 2B4, and NK cell activating receptors coupled to the ITAM containing adaptor proteins CD3-ζ, FCϵR1γ, or DAP12. Ligation of these receptors causes VAV1, SLP76, and PLCy2 phosphorylation which results in the activation of NFAT through calcium release, NFκB activation, and activation of the MAP Kinase cascade. This ultimately leads to increased integrin-mediated adhesion, F-actin reorganization, cytokine production, and cytotoxicity. (B) Upon the binding of a target cell, signaling through NK cell activating receptors results in the clustering of receptors while simultaneously enhancing adhesion through integrin affinity maturation and directing LG convergence to the MTOC. (C) As the CS matures, activating receptors are clustered at the central region of the CS whereas F-actin and integrins accumulate in the peripheral region of the CS to stabilize adhesion between the NK and target cell. Further signaling from NK activating receptors drive LG convergence and MTOC polarization.



Reorganization of the F-actin cytoskeleton is a critical step in the development of NK cell-mediated killing. The activation of guanine nucleotide exchange factors such as Vav1 and DOCK2 or DOCK8 lead to the activation of Rho family small GTP-binding proteins (Cdc42, Rac1 and RhoA) which regulate F-actin dynamics through the regulation of WASP and WAVE2. F-actin regulation in NK cells is critical to many steps in the development of cell-mediated killing including organization of the CS, activating receptor clustering within the central region of the synapse, integrin-mediated adhesion, lytic granule convergence and the transit of lytic granules to the site of NK – target cell contact to name a few (Figures 2A–C) (108–114). Significantly, mutations in genes whose protein products are involved in the regulation of F-actin cytoskeletal dynamics including DOCK2, DOCK8, WASP, WIP and CORONIN-1A are associated with primary human immunodeficiency syndromes resulting from defective F-actin reorganization, cell adhesion and LG release (1, 113) (Table 1). Finally, signaling from activating receptors leading to lytic granule convergence and MTOC polarization to the CS are critical to the directed delivery of the lethal LG contents to the contact between the NK cell and its target. In the sections below, we will describe in greater detail the proteins and signaling pathways that regulate lytic granule trafficking and MTOC polarization during NK cell – target cell engagement as well as the final steps involved in LG fusion with the NK cell plasma membrane.



4 Lytic Granule Trafficking


4.1 Lytic Granule Convergence

The release of cytolytic granules is accomplished through a heavily regulated stepwise process beginning with the convergence of cytolytic granules to the MTOC (10). This process occurs rapidly and is initiated through the engagement of adhesion receptors, such as the leukocyte function associated antigen-1 (LFA-1), in combination with other activating NK cell receptors. The function of convergence is both to prepare the LGs for directed secretion to a target cell and to effectively concentrate LGs for enhanced delivery (115, 116). This minimizes off target effects of LG secretion and ensures sufficient delivery of the cytolytic contents. Interestingly, LG convergence occurs in both activating and inhibitory NK CS and is independent of PI3K, MEK, and PLCγ activation, although these signals are required for maturation of the NK CS and degranulation (117). LG convergence also occurs prior to microtubule or F-actin reorganization as Taxol, cytochalasin D, and latrunculin A inhibited MTOC polarization to the synapse but not LG convergence (118, 119). This suggests that LG convergence is an early event downstream of adhesion and prior to large cytoskeletal reorganization events. Interestingly, high dose IL-2 can induce LG convergence independent from adhesion (117). This was found to be dependent on Src kinase activity, which is induced by IL-2 through a non-canonical, JAK3-independent, pathway and is also downstream of LFA-1 activation (Figure 3) (117, 120). LG convergence, therefore, rapidly occurs downstream of activation but prior to a commitment to cytotoxicity.




Figure 3 | Molecular process of NK cell degranulation (1) NK activating receptor and integrin signaling promotes LG convergence at the MTOC through the activity of the dynein/dynactin complex. (2) Upon further cell stimulation, the MTOC polarizes to the synapse where lytic granules are offloaded onto the F-actin network. (3) Trafficking along F-actin requires the activity of myosin IIA and UNC-45A. Defects in the myosin heavy chain, MYH9, prevents lytic granule penetration of the F-actin network and causes MYH9-related disease (MYH9-RD). (4) Upon reaching the membrane, Rab27a and Munc13-4 dock and tether lytic granules to the CS. Griscelli syndrome type 2 is caused by defects in Rab27a, which results in lytic granules accumulating at the membrane without docking. It is likely that at this step or at prior steps, the NAADP-mediated release of Ca2+ from the LG via TPC1 or TPC2 occurs to provide a local accumulation of calcium. Munc13-4 primes lytic granules for release through interaction with Syntaxin 11. (5) STXBP2 mediates formation of the SNARE complex, consisting of Syntaxin 11, SNAP23, and VAMP4 or VAMP7. Defects in Munc13-4, Syntaxin 11, and STXBP2 cause familial hemophagocytic lymphohistiocytosis (FHL) types 3, 4, and 5 respectively. (6) Successful formation of the SNARE complex creates a LG plasma membrane fusion pore through which degranulation occurs.



The rapid accumulation of LGs at the MTOC is dependent on dynein/dynactin mediated minus-end-directed movement along the microtubule network (Figure 3) (118). Although the dynein/dynactin complex is constitutively localized with LGs in NK cells, dynein-mediated LG movement requires additional adaptor proteins (118, 121). For example, HkRP3, which is localized at LGs and interacts with the dynein/dynactin complex, was found to regulate dynein complex-mediated LG convergence (122). Interestingly, Grb2 interacts with Src and the P150Glued subunit of dynactin which could link Src activation to dynactin signaling (118). This alternative pathway of Src kinase-dependent LG convergence may help explain how high-dose IL-2 can rescue the phenotype of WASP deficiency through the activation of the WASP family member WAVE2 (123–125). Another mechanism that might regulate dynein function is its potential interaction with, and recruitment by, Rab7a and Rab Interacting Lysosomal Protein (RILP) (Figure 3) (122, 126). Rab7a was identified in the lysosome fraction of the NK cell line YTS (127) and, with RILP, recruits dynein/dynactin complexes to lysosomes (128, 129). Furthermore, overexpression of RILP in CTLs causes clustering of LGs and prevents plus-end-directed movement, suggesting an important role in LG minus-end trafficking (130). However, the precise mechanisms regulating dynein-directed NK cell movement, and the role of Rab7a, have yet to be fully elucidated.



4.2 MTOC Polarization to the NK  Cytotoxic Synapse

LG convergence is a prerequisite for the polarization of LGs to the NK CS (131–133). This is accomplished through the polarization of the MTOC and converged LGs to the maturing CS through mechanisms that include F-actin reorganization and continued signaling through clustered receptors (Figure 3) (118, 133). Although there are differences in the rate of LG convergence and MTOC polarization between CTLs and NK cells, the mechanisms that control these processes are thought to be similar (134). Indeed, many studies investigating synapse formation and microtubule dynamics performed in the CD4+ Jurkat T cell line may be extrapolated, with care, to CD8+ T cells and NK cells, despite the lack of cytolytic ability in Jurkat cells. In CTLs, two mechanisms for MTOC polarization have been proposed. The first mechanism is a dynein-dependent cortical sliding mechanism where dynein, anchored to the cell cortex, pulls on microtubules to bring the MTOC toward the synapse (115, 135, 136). This method is supported by the role of adhesion and degranulation promoting adaptor protein (ADAP) in microtubule anchoring and the previous observations of synaptic microtubule anchoring in MTOC movement (135). The second proposed method of MTOC polarization is a capture-shrinkage mechanism where anchored dynein pulls on microtubules which depolymerize, effectively pulling the MTOC to the synapse (135, 137). This mechanism is also plausible as Taxol, which stabilizes microtubules thus preventing depolymerization, and ciliobrevin, which inhibits dynein activity, abrogated MTOC polarization in Jurkat T cells when used together, whereas use of Taxol alone only slowed polarization (135). Additionally, it was recently demonstrated that the kinesin-4 family member KIF21B, regulates microtubule organization and growth by inducing microtubule pausing and depolymerization (138). Knockout of KIF21B in Jurkat T cells resulted in decreased synaptic MTOC polarization attributed to overgrown microtubules at the synapse. MTOC polarization and microtubule organization was rescued by low dose vinblastine, which induces microtubule depolymerization (138). Although, Hooikaas et al. do not believe KIF21B directly participates in dynein-driven capture-shrinkage, they do not exclude the indirect impact excessively elongated microtubules may have on this process. While capture-shrinkage may be the predominant model when the MTOC and CS are diametrically opposed, when modeled with cortical sliding, the two mechanisms appear to work in synergy suggesting that a mechanistic combination may be more appropriate and applicable to a wider variety of interactions (139).

Furthermore, it was observed that MTOC polarization in CTLs appeared to occur through a two-step mechanism where LGs rapidly polarized to the synapse before slowing down to complete their journey (135). This was proposed to occur through the initial localization and function of dynein at the central region of the CS (central SMAC) followed by dynein activity at the pSMAC (140). The specific mechanisms regulating NK cell MTOC polarization remain unclear and warrant further investigation. In CTLs, it has been suggested that the strength of TCR signaling may regulate the specific mechanisms of MTOC polarization (131, 141). How this translates to NK cell signaling is unknown, especially as it relates to strength of signaling emanating from NK activating receptors.

Several cytoskeletal regulatory proteins are known to be critical for NK cell MTOC polarization including the small GTPase CDC42. CDC42 and WASP localize to the MTOC after LG convergence and are required for polarization (10, 142). This is mediated by CDC42 Interacting Protein (CIP4) which couples both the actin and microtubule networks through binding tubulin, CDC42, and WASP. In activated NK cells, CIP4 localizes with the MTOC to the NK CS and could function to anchor the MTOC through WASP or CDC42 activation (142). Furthermore, CIP4 is not required for F-actin accumulation at the synapse suggesting its primary role is on the LGs (142). ADAP, another cytoskeletal regulatory protein could also help apply force to the MTOC, as it is required for insertion of the microtubule plus-end into the ring-like F-actin network at the peripheral region of the CS, known as the peripheral supramolecular activation cluster (pSMAC) (10, 136, 143). Although ADAP is required for CTL degranulation, its role in NK cells is less clear with some reporting that it may be dispensable for NK cell killing (144).



4.3 Trafficking at the Cytotoxic Synapse

After MTOC polarization toward the CS, the clustered LGs need to navigate the dense F-actin network at the cell cortex to dock and fuse with the NK cell membrane (145, 146). Although LGs can undergo kinesin-1 plus-ended microtubule movement (147), the proximity of the polarized MTOC and LGs to the synapse is likely sufficient to offload the LGs onto the F-actin network in CTLs (132). Indeed, LG trafficking at the CS has been shown to be independent of plus-ended microtubule movement, as overexpression of RILP kept LGs clustered at the MTOC, therefore preventing plus-ended trafficking, without any impact on lysis (132). However, there are some reports of kinesin-1 regulating plus-ended movement in CTLs (148). Interestingly, it was recently demonstrated that Arl8b regulates MTOC polarization in NK cells through its interaction with the kinesin-1 heavy chain KIF5B and SifA and kinesin-interacting protein (SKIP) (149). Silencing of KIF5B, SKIP or Arl8b led to defective MTOC polarization, suggesting that in NK cells, kinesin could regulate LG trafficking at a much earlier cytolytic stage than in CTLs (149). However, the role of kinesin in NK cell degranulation and the specific mechanisms regulating lytic granule transfer to the F-actin network are still unclear and require further investigation. Lastly, in CTLs it was shown that HDAC6, which deacetylates α-tubulin at Lys40 and interacts with kinesin-1 light chain, is required for proper lytic granule migration to the CS (150). Indeed, although CTLs taken from HDAC6-deficient mice showed a decreased MTOC to target cell distance, lytic granules appeared much more diffuse, suggesting a role for HDAC6 in LG trafficking at the CS (150).

Clearances in the cortical F-actin at the cSMAC have been identified in CTLs (132) and NK cells (151), suggesting a role for an actin motor protein to mediate the final stretch of LG trafficking to the membrane. Indeed, the movement of LGs on F-actin has been shown to be dependent on the non-muscle actin motor myosin IIA (Figure 3). Myosin IIA is a hexamer consisting of two heavy chains, two regulatory light chains, and two essential light chains (152, 153) and is constitutively associated with LGs as single molecules rather than a filament (154). This association with LGs could be mediated through direct recognition of phosphatidylserine, binding of Rab27a, or through binding of the WASP/WIP complex (153). Inhibition or depletion of the myosin IIA heavy chain, MYH9, prevents degranulation but does not impair conjugate formation, LG convergence, synaptic actin reorganization, or MTOC polarization (153, 155, 156). The importance of myosin IIA in NK cell function can be fully appreciated in a group of diseases, now referred to MYH9-related disease (MYH9-RD), caused by mutations in the heavy chain MYH9 (Table 1) (157, 158). Patients with a truncation in MYH9 had ablated cytotoxicity with intact conjugate formation, MTOC convergence, and MTOC polarization (153). Interestingly, the truncation affected both a region of MYH9 important for cargo binding and removed a constitutively phosphorylated serine (MYH9 S1943) required for MYH9 recruitment to LGs (154). Disruption of this key residue resulted in LGs that were present at the synapse but unable to penetrate the F-actin network to reach the membrane (154).

The interaction of myosin IIA with LGs is also dependent on the chaperone protein UNC-45A. UNC-45A colocalizes with LGs in both resting and activated NK cells and polarizes with the LGs to the NK CS upon target engagement (Figure 3) (159). Like MYH9 deficiency, depletion of UNC-45A did not impair conjugate formation, LG convergence, or MTOC polarization but is critical for degranulation (159). Depletion of UNC-45A reduces myosin IIa binding to F-actin without impacting myosin IIA expression or stability (159). In addition to regulating myosin IIA, UNC-45A could have an additional independent role in regulating LG priming, docking and fusion, however, this has not been fully elucidated in NK cells (160).




5 Fusion of Lytic Granules With the Membrane and Degranulation


5.1 Lytic Granule Docking

After transport to the synapse, cytolytic granules dock at the membrane and are prepared for release. This is mediated through the small GTPase Rab27a which was first identified to play a critical role in degranulation through the study of Griscelli syndrome (GS) patients (Figure 3) (161). GS is a rare autosomal recessive disease characterized by partial albinism due to defective melanosome transport. Although originally described as being caused by mutations in myosin Va (GS type 1), it was discovered that mutations in Rab27a (GS type 2) is the predominant disease etiology and is responsible for all GS cases with hemophagocytic lymphohistiocytosis (Table 1) (161, 162). Interestingly, loss of Rab27a but not myosin Va resulted in defective CTL and NK cell degranulation and cytotoxicity (161). This degranulation defect was recapitulated in the mouse model of GS type 2, the ashen mouse, where it was observed that LG convergence and MTOC polarization was intact (163, 164), however, LG membrane docking was not observed by electron microscopy (165). Additionally, in the absence of stimulation, Rab27a regulates microtubule and actin-dependent LG movement at the cell cortex (166). Rab27a therefore regulates LG movement in unstimulated NK cells and is required for the final stages of NK cell-mediated cytotoxicity. Unsurprisingly, Rab27a is also a key secretory protein required in the degranulation of melanocytes, neutrophils, and pancreatic beta cells, suggesting a similar method of action in the terminal stages of LG export (167–169).

The crucial role of Rab27a in NK cell degranulation is mediated through effector proteins which bind to active GTP-bound Rab27 (170). So far eleven effector proteins have been identified in humans and mice and can be categorized into three distinct groups based on domain composition. The first group is comprised of rabphilin and the synaptotagmin-like proteins (Slp): Slp1, Slp2-a, Slp3-a, Slp4-a, and Slp5. The proteins within this group contain an N-terminal Slp homology domain (SHD), which mediates binding to the switch II region of GTP-Rab27a, and two tandem C-terminal C2 domains (C2A and C2B), which bind phospholipids (170). Slp1 and Slp2-a are expressed in NK cells and CTLs and are thought to mediate LG docking and tethering via their C2 domains. However, their role in cytotoxicity is still unclear as CTLs from Slp1- or Slp2-a-deficient mice had intact degranulation (171). Furthermore, expression of the SHD from Slp2-a, which has a dominant negative effect, only resulted in a partial reduction in cytotoxicity suggesting that there might be other important proteins in complex with Rab27a.

The next group of GTP-Rab27a effectors is characterized by the presence of the N-terminal SHD and the distinct absence of C-terminal C2 domains (170). This group is comprised of Noc2 and the Slp homolog lacking C2 domain (Slac2) proteins: Slac2-a, Slac2-b, and Slac2-c. However, no role for Slac2 proteins has been identified in NK cells. The last group contains the protein Munc13-4 which has an N-terminal C2 domain followed by a Rab binding domain (RBD), a MUN domain, and a second C2 domain (170). Interestingly, Munc13-4 lacks a C1 domain, which mediates DAG binding, found in other Munc13 family members and the mechanism of Rab27 binding by the Munc13-4 RBD is uncharacterized despite the importance of Munc13-4 in LG exocytosis. In addition to the Rab27a interactors described above, proteins involved in Rab27 prenylation, as well as several proteins known to bind GDP-bound Rab27 including CORONIN-3, RabGDI, and MAP kinase activating death domain (MADD) have remained largely uncharacterized as it pertains to their roles in NK cell-mediated killing (170, 172).



5.2 Lytic Granule Tethering

The tethering of cytolytic granules at the synapse refers to the process by which LGs make initial interaction with the membrane and are prepared for fusion. This is Rab27a-dependent and is thought to be mediated by Slp1, Slp2, and Munc13-4 (Figure 3) (165, 171). Munc13-4 mutations were first identified as the cause of familial hemophagocytic lymphohistiocytosis type 3 (FHL3), where it was observed that mutation of Munc13-4 resulted in impaired CTL degranulation with intact conjugate formation and MTOC polarization (Table 1) (165). Upon stimulation, Munc13-4 localizes to the CS in CTLs and strongly colocalizes with LGs (162, 165). Interaction with Rab27a is critical to Munc13-4 function as wild type but not RBD-deficient or RBD mutant Munc13-4 was able to restore degranulation in FHL3 CTLs (173). Interestingly, recruitment or retention of Rab27a and Munc13-4 on LGs is co-dependent as Rab27a is not recruited or retained on granules in FHL3 patients and Munc13-4 recruitment or retention on LGs is impaired in GS type 2 patients (162, 173, 174). In contrast to Rab27a deficiency, however, Munc13-4 is not required for LG docking at the membrane, suggesting its main function is through the tethering of LGs (165). Indeed, both the C2A and C2B domains are required for cytotoxicity as they mediate binding to both lipids and soluble N-ethylmaleimide-sensitive factor activating protein receptor (SNAREs) (175). Munc13-4 may have a similar function to synaptotagmin in neuronal degranulation, as C2 domain binding is calcium-dependent, and thus Munc13-4 might be the calcium sensor that triggers synchronous granule release (176, 177). Interestingly, nicotine acid adenine dinucleotide phosphate (NAADP), a Ca2+-mobilizing second messenger is involved in exocytosis through their regulation of the two-pore channel (TPC) 1 and TPC2 which are present on lytic granules (178, 179). It was shown in CTLs that NAADP activates TPCs in a manner that is independent of global Ca2+release stimulated by IP3 suggesting that a local release of Ca2+ facilitates lytic granule vesicle fusion (178) (Figure 3). The molecular targets of this local calcium release could be molecules involved in vesicle fusion such as Munc13-4.

Interestingly, low levels of degranulation were observed in GS type 2 deficiency, suggesting Munc13-4 might also partner with other Rab proteins. Indeed Munc13-4 binds to Rab11 and Rab15 regulating recycling endosomes and Weibel-Palade body exocytosis (170, 180, 181). In CTLs, it has been demonstrated that Munc13-4 mediates the fusion of Rab11 positive recycling endosomes with Rab27a positive late endosomes which are then transported to the synapse for release (174, 181). However, this does not seem to occur in NK cells. Despite low levels of perforin in recycling endosomes, Rab11 and other recycling endosome markers are not tightly associated with NK cell synapses. This is further confirmed as Munc13-4 deficiency does not impact release of IFNγ and TNFβ, which is mediated through a Rab11 positive recycling endosome pathway (182), and recycling endosome inactivation does not greatly impact preformed LG release (174).



5.3 Lytic Granule Priming

LG priming is mediated by the assembly and recruitment of SNARE complex proteins that facilitate the fusion of the LG with the NK plasma membrane at the CS. This is dependent on Munc13-4, which promotes SNARE complex formation through its interaction with the SNARE protein syntaxin 11 (Figure 3) (183, 184). Munc13-4 carries out this function by opening the conformation of syntaxin 11 through the removal of its chaperone protein, syntaxin binding protein 2 (STXBP2), which is required for syntaxin 11 stability and subcellular localization (173, 185, 186). Interestingly, overexpression of syntaxin 11 in NK cells and activated CTLs increased their cytolytic potential (187, 188). Like Munc13-4 mutations, mutations in syntaxin 11 cause FHL4 which presents as a defect in NK cell degranulation with intact synapse formation and LG polarization (Table 1; Figure 3) (189). This was also recapitulated in the mouse model of FHL4 (184). STXBP2 mutations detrimental to its interaction with syntaxin 11 cause FLH5, which has the same phenotype as FLH4 (Table 1) (190, 191). Interestingly defective degranulation in FLH4 and FLH5 can partly be rescued by IL-2 treatment. This is thought to occur through alternate pairing as IL-2 induces expression of syntaxin-3, which replaces syntaxin 11 in FHL4, and STXBP1, which replaces STXBP2 in FLH5 (192). Additionally, syntaxin 7 was shown to be required for CTL degranulation but has not been investigated in NK cells (193). Although the function of alternative pairing was investigated in FLH5 patients, the roles of other syntaxins, such as syntaxin-1 and syntaxin-7, warrant further investigation (194).

Lytic granule priming and SNARE complex assembly was recently shown to be supported by septin filaments (195). Septins are GTP-binding proteins which can be organized into 4 subgroups (represented by septin 1, septin 3, septin 6, and septin 7), and can assemble into hetero-hexamers and hetero-octamers, which can assemble to form complex structures (196). Septin 7 is the only member of its subgroup and is indispensable for septin complex formation. Interestingly, depletion of septin 7 decreases septin 1 and septin 2 expression and impairs NK cell degranulation without impacting conjugate formation or lytic granule accumulation at the CS (195). Despite being concentrated to the cell cortex away from the CS, septin 7 puncta were observed in apposition to lytic granules and were found in the crude lysosomal fraction of NK cells (195). Mass spectrometry analysis of septin 2 crude lysosomal fraction immunoprecipitates revealed associations with lytic granule regulatory proteins including syntaxin 11 and STXBP2, which were confirmed by proximity ligation assay and immunoprecipitation (195). Additionally, depletion of septin 7 or septin stabilization with forchlorfenuron, decreased association of STXBP2 with syntaxin 11. This suggests that septin filaments stabilize SNARE complex assembly and are critical for facilitating syntaxin11 and STXBP2 interaction and ultimately, LG membrane fusion.



5.4 Lytic Granule Fusion

The final stage of LG degranulation is the fusion of the LGs with the plasma membrane, which is mediated by formation of trans-SNARE complexes. Due to the number of SNARE protein combinations required to make a complete fusion complex, they have not been fully defined in NK cells (197). In human CTLs, membrane fusion is promoted by STXBP2 which forms a trans-SNARE complex with STX11, SNAP23, and VAMP8 (198). In mice, however, this is mediated by VAMP2 and VAMP8 which colocalize with LGs. Loss of VAMP2 and VAMP8 in mice resulted in impaired degranulation and cytotoxicity (199–201), suggesting other VAMPs cannot compensate for the loss of VAMP2 and VAMP8. Indeed, in NK cells, VAMP4 and VAMP7 are required for NK cell cytotoxicity, while VAMP1, VAMP3 and VAMP8 have limited colocalization with LGs and are therefore likely dispensable for SNARE complex assembly (197, 202). In addition to STX11, STX6 may also play a role in NK cell SNARE complex formation as they interact with VAMP7 and VAMP4, and other syntaxins, like STX4, have been shown to regulate mast cell degranulation (Figure 3) (203–206). After SNARE complex formation, a fusion pore between the plasma membrane and NK cells are formed through which degranulation occurs. Interestingly, the size and fusion status of the pore determines the amount of granule content release, which in turn may regulate LG membrane recycling (197). In neuronal cells this has been called the “kiss and run” pathway, although the mechanisms regulating this process in NK cells are unclear, especially in the context of cell-to-cell interactions and warrant further investigation.




6 Self-Protection of NK Cells Upon Degranulation

We have seen that the acidic environment and low calcium concentration within the LGs provide protection of NK cells from the activities of cytolytic proteins. However, upon degranulation of LGs into the extracellular environment (where calcium is rich and neutral), the cytolytic contents become fully functional. NK cells achieve selective and efficient degranulation by forming a specialized interface with the conjugated target cells upon formation of the CS. This confined space between NK cells and the target cells, also known as a synaptic cleft, enables NK cells to avoid killing unwanted bystander cells and thus, preventing collateral damage. However, the synaptic cleft exposes the NK cell itself to risk from its own degranulated cytolytic molecules. Secreted perforin can bind the plasma membrane (PM) of both NK and bound target cells via hydrophobic interactions and create pores on both cell types. However, autolysis of NK cells or CTLs was found to occur in less than 5% of NK cells during the direct cytotoxicity process (207–209). This suggests that NK cells have protective mechanism(s) that prevent the activities of cytolytic molecules on the source NK cells. One study suggested that cathepsin B exposed to the PM upon cytolytic granule secretion provides protection of NK cells from perforin activity (210). In another study, surface exposed LAMP1 upon degranulation was found to prevent perforin binding to the PM of NK cells (211). However, both protection mechanisms by specific surface membrane proteins do not seem to be exclusive and provide complete protection, since both mechanisms were also found to be dispensable for self-protection under certain circumstances (212, 213). Recently, it was shown that the PM of NK cells and CTLs is composed of high order and densely packed lipids, which prevents perforin binding (209, 213). Furthermore, upon degranulation, the fusion of the LG membrane (which has even higher lipid orders than the PM) to the PM at the CS provides additional protection by acting as a perforin-resistant lipid shield (209). This enables unidirectional attack of perforin specific to the target cell membrane (which generally contains lipid with lower density than NK cells), protecting NK cells from unwanted autolysis.



7 Serial Killing of NK Cells

For effective immune surveillance, NK cells need to keep surveying potential target cells and kill as many target cells as needed. In physiological situations like acute viral infections or solid tumor environment where viral loads or tumor cells outnumber NK cells, NK cells need to perform multiple rounds of killing to eradicate surrounding target cells. Indeed, NK cells have been shown to kill multiple target cells in a sequential manner (4, 214–216). For NK cells to achieve serial killing, NK cells need to meet the following requirements: 1) NK cells need to contain sufficient LG contents, and 2) NK cells need to have a mechanism(s) to continuously synthesize and/or refill cytolytic contents. It was recently reported that NK cells degranulate approximately 10-20 LGs (which are about 5-10% of total LGs) to mediate cytotoxicity and minimal release of only 2-4 LGs were sufficient to induce target cell death (102). These observations suggest that a single LG is very effective in inducing cell death and a single NK cell has a capacity to perform multiple rounds of killing. Upon repeated CD16 activation, NK cells presented a gradual decrease in both the intracellular perforin levels and the amount of secreted perforin (217). Interestingly, this reduction in perforin secretion could be restored to its initial level when the NK cells were activated by different activating receptors like NKG2D or NKp30. However, similar restoration was not made when NK cells were stimulated via CD16 followed by repeated stimulations via NKG2D. These results suggest that the order of NK receptors engaged by specific ligands on the target cells plays an important role in the serial killing activity of NK cells. Upon activation of NK cells by target cells, it was shown that NK cells induce rapid de novo synthesis of LGs (218). Interestingly, this rapid biogenesis of LGs was found to originate from endosomal routes instead of budding and maturing from the trans-Golgi network. In this regard, NK cells activated by the target cells were found to go through active endocytosis internalizing cytolytic granule components including LAMP1, granzyme B, and MUNC13-4 (219–221). It is important to note that inhibition of the endocytic process of NK cells resulted in a reduction of cytotoxicity. This suggests that endocytosis of cytolytic contents upon degranulation might also be an important process that enables NK cells to perform serial target killing.

Upon delivery of the LGs to the target cell, NK cells need to disassemble the established CS and detach from the target cell. However, compared to the well-established understanding of the initial target recognition and cytotoxicity process, how NK cells determine the termination of the killing and mechanisms behind this detachment process remain elusive. Recently, it was shown that successful cytotoxicity that leads to the death of the target cells is a determinant factor for NK cell detachment (207, 222). Target cells going through apoptosis were found to downregulate NK cell-activating ligands such as MICA, MICB, and B7-H6 as well as adhesion molecules including CD54 and CD102 (222). Along with these events, NK cells also reduce expression of activating receptors upon activation, which might decrease further activation required for cytotoxicity as well as signals necessary for sustained integrin-mediated adhesion (217, 222–224).

Despite the above interesting observations, many important questions on serial killing of NK cells remain. First, a more detailed understanding the of the mechanisms contributing to LG re-generation after each cytotoxic event is needed. Treatment of NK cells with IL-2 or IL-15 was reported to restore perforin and granzyme B levels during serial killing (214). Elucidating the molecular pathways behind the restoration processes will be important. Additionally, defining the replenishment process, which merges both recycled and newly synthesized cytolytic contents to form a complete LG will be an interesting topic. In the detachment process of NK cells, it remains unclear how fast the downregulated NK activating receptors become re-expressed at the normal level. For example, the proteolytic cleavage of CD16 upon activation can be a critical problem in antibody-based anti-cancer therapy, since CD16 expression is required for serial ADCC against tumor cells (217). In this case, it will be important to elucidate the signaling pathway inducing CD16 re-expression and to explore the therapeutic options of using NK cells expressing non-cleavable CD16. Interestingly, it was recently shown that NK cells utilize LG-mediated cytotoxicity for their initial killing events and then switch to death receptor-mediated cytotoxicity (4). The physiological purpose of this phenomenon remains unclear. It is also possible that death receptor-mediated killing (which is slower than cell-mediated cytotoxicity) is revealed in the end as LG is exhausted in NK cells. Regardless, it will be interesting to better define the crosstalk between these cytotoxicity pathways during serial killing. In addition, persistent activation of NK cells can also promote NK cell exhaustion (225–227). Therefore, NK exhaustion during serial killing is also a very important topic in NK cell-mediated therapy.



8 Concluding Remarks

The spontaneous cytotoxic activity of NK cells is not only the first line of defense against microbial infections or tumors but is also an ultimate requirement for clearance of these diseases. NK cells eliminate unhealthy/stressed cells by directly secreting apoptosis-inducing molecules toward the target cells. To lyse target cells without any damage on NK cells themselves or healthy bystander cells, NK cell-mediated cytotoxicity is achieved via a series of tightly regulated molecular processes. Advances in human genetic research, genome editing, and microscopic technologies combined with diverse fluorescent sensors have enabled us to better elucidate this molecular regulation with improved temporal and spatial resolution. Future advances in uncovering the mechanistic insights of NK cell cytotoxicity will be invaluable to reveal novel therapeutic opportunities to treat primary immunodeficiency syndrome patients with impaired NK cell functions and to improve the efficacy of current approaches in NK cell-based anti-cancer therapy.
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In 1986, Mosmann and Coffman identified 2 functionally distinct subsets of activated CD4 T cells, Th1 and Th2 cells, being key in distinct T cell mediated responses. Over the past three decades, our understanding of CD4 T cell differentiation has expanded and the initial paradigm of a dichotomic CD4 T cell family has been revisited to accommodate a constantly growing number of functionally distinct CD4 T helper and regulatory subpopulations. Of note, CD4 T cells with cytotoxic functions have also been described, initially in viral infections, autoimmune disorders and more recently also in cancer settings. Here, we provide an historical overview on the discovery and characterization of cytotoxic CD4 T cells, followed by a description of their mechanisms of cytotoxicity. We emphasize the relevance of these cells in disease conditions, particularly in cancer, and we provide insights on how to exploit these cells in immunotherapy.
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1 Historical Overview: The CD4 T-Cell Universe

Upon activation, naïve CD4 T cells can differentiate into various specialized subsets characterized by the capacity to produce specific cytokines to promote various types of immune responses (1–3). In 1986, Mosmann and Coffman described 2 types of T cells among CD4+ lymphocytes in mice: type 1 T helper (Th1) cells, producing interleukin 2 (IL-2), interferon-γ (IFN-γ), granulocyte-macrophage colony-stimulating factor (GM-CSF), and type 2 T helper (Th2) cells, producing IL-4, IL-5, B-cell-stimulating factor 1 (BSF-1) and mast-cell growth factor (MCGF) (4). The categorization of Th1 and Th2 cells provides a framework for explaining the T-cell immunopathology of many diseases (5). By the beginning of the 1990s, it became apparent that CD4 T-cell clones showing Th1 or Th2 profiles could also be found in tissues or peripheral blood in humans (6, 7). Subsequently, other subsets with different functions have been reported. In 1994, it was shown that oral tolerance regimens induce transforming growth factor β (TGF-β)−producing CD4 T regulatory cells, a subset named Th3 cells (8). In 1995, regulatory T cells constitutively expressing the molecule CD25 were discovered (9), followed in 2003 by the identification of Foxp3 as the master transcription regulator for these cells (10, 11). In 1997, Roncarolo’s group identified a CD4 T-cell subset with low proliferative capacity producing high levels of IL-10, low levels of IL-2 and no IL-4. As these cells suppressed antigen-specific immune responses and downregulated pathological immune responses, they were named T regulatory 1 (Tr1) cells (12). A few years later, CD4 follicular helper T (Tfh) cells were identified as specialized providers of B-cell help necessary for the formation of germinal centres and for the regulation of T-cell-dependent B-cell differentiation into plasma and memory B cells (13). In 2005, a previously unrecognized population of CD4 cells that did not produce the classical Th1/Th2 cytokines, but did produce IL-17, was discovered: so-called proinflammatory Th17 cells (14, 15). Not long after, Th17 cells capable of converting into hybrid Th1/Th17 lymphocytes by combined IFN-γ and IL-12 signalling were observed in specific infectious conditions as a distinct cell subpopulation (16, 17). In 2009, a human proinflammatory Th subset characterized by the secretion of IL-22 and TNF, but not IFN-γ, IL-4 or IL-17, was reported. Since this subset had a profile distinct from those of Th1, Th2 and Th17 cells, this new subset was named Th22 cells (18). Furthermore, an additional subgroup induced by TGF-β and IL-4 and characterized by the production of IL-9 was added to the CD4 T helper family: Th9 cells (19) (Figure 1). While the above classification relies on defining CD4 T-cell subsets based exclusively on their dominant secreted cytokine, with the development of new technologies that can screen multiple markers, integrins or chemokines at the single-cell level, alternative categorizations have been proposed. Specifically, instead of focusing on the type of T helper cell, which might be plastic and evolve over time, viewing the system from the perspective of the target cell or the type of immune response induced has been suggested (20, 21). In this way, complex and integrated helper functions rather than helper phenotypes would be prioritized.




Figure 1 | Timeline of discovery of CD4 T helper and regulatory subsets. Created with BioRender.com.



While the discussion on this “helper cell” nomenclature matter has just initiated, evidence on the functional relevance of CD4 T cells with cytolytic activity, an attribute that was believed for decades to be restricted to CD8 T cells, is increasing. Initially, CD4 cytotoxic T lymphocytes (CD4 CTLs) were considered a potential artefact of in vitro-generated T cells. This idea was challenged by reports providing evidence that some antigen-specific CD4 T cells in vivo possess direct MHC class II-restricted cytotoxic activity, as initially described in the 1970-1980s both in humans (22, 23) and mice (24, 25). Since then, the number of conditions showing the presence of CD4 CTLs in both species has grown steadily. However, open questions remain regarding their exact phenotype, their mechanism(s) of action, their potential ability to transition towards/from the CD4 helper lineages and their prospective usefulness as therapeutic agents. We will discuss these aspects in the following sections.



2 CD4 CTLs in Pathologic Conditions

Under physiological conditions, CD4 CTLs represent a small percentage of circulating CD4 T cells, primarily identified within highly differentiated effector cells. Single-cell transcriptomic analyses combined with T-cell receptor (TCR) sequencing showed that putative CD4 CTL precursors express high levels of the IL-7 receptor and undergo significant clonal expansion during pathological processes (26). Of note, an unexpected strong expansion of these cells was observed in supercentenarians, in whom CD4 CTLs represented up to 25% of total CD4 T cells. This accumulation appears, at least in part, to be the consequence of clonal expansion following repeated viral exposure, suggesting that CD4 CTLs are essential for achieving longevity because they successfully protect against infections and diseases (27). Similarly, in a previous work, CD4 CTLs, characterized by the expression of NKG2D, granzyme B and perforin, were shown to be significantly enriched in elderly people compared to young adults (28). This increase in cytotoxic, highly differentiated T cells in aged individuals might represent the accumulation of senescent immune cells driven by multiple persistent stimuli such as cumulative viral challenges and age-dependent emergence of somatic cells with genetic abnormalities generating neo-antigens.


2.1 Infectious Diseases

Initial studies reported the in vivo presence of CD4 CTLs in various viral infections. Specifically, CD4 CTLs have been observed among human peripheral blood mononuclear cells (PBMCs) in chronic viral infections, such as infections with human cytomegalovirus (CMV) (29–31), human immunodeficiency virus 1 (HIV-1) (32, 33) and hepatitis viruses (HBV, HCV, and HDV) (34). CD4 CTLs have also been described in mice infected with chronic viruses, including lymphocytic choriomeningitis virus (LCMV) (35, 36) and gamma-herpes virus (37). In mice affected by murine cytomegalovirus (MCMV) infection, virus-specific CD4 T cells with cytolytic capacity mediated vaccine protection via multiple effector mechanisms in vivo (38). CD4 T cells with cytotoxic capacity were also found in Epstein–Barr virus (EBV)-infected patients and mice (39). In patients, the virus induced the expansion of antigen-specific CD4 CTLs (40), and these cells were able to recognize and eliminate infected B cells (41). Polyfunctional and CD4 CTLs were reported in human herpes virus (HHV)-6B-infected individuals and linked to long-term disease control (42). In line with these protective roles, CD4 CTLs were also detected in patients affected by Dengue, a mosquito-borne viral disease that has rapidly spread in recent years. Dengue virus (DENV)-specific CD4 T cells had direct ex vivo cytolytic activity and were enriched in patients carrying HLA histocompatibility alleles associated with disease protection, suggesting that DENV-specific CD4 CTLs may directly contribute to the control of severe dengue pathology in vivo (43). Furthermore, CD4 T cells with killing capacity expand in response to influenza virus infection (44–46), where they show a phenotype typical of Th1 effector cells but express granzyme B and perforin, contributing to protection against influenza A virus (IAV) infection both in mice and humans (47). Recently, CD4 CTLs have been identified in SARS-CoV-2-infected patients (48). Specifically, increased proportions of SARS-CoV-2-reactive CD4 CTLs and a unique population of CD4 follicular helper T cells enriched in cytotoxicity-associated transcripts were observed in hospitalized patients with impaired humoral responses, suggesting that these cells might be involved in the loss of germinal centre B cells observed in SARS-CoV-2 patients who succumb to the disease (49). A similar cytotoxic Tfh population was recently described in children with recurrent tonsillitis (50). Finally, CD4 CTLs can also confer protection against malaria infection both in mice (51) and in humans (52) by producing IFN-γ. New studies relying on mass cytometry, multidimensional flow cytometry, single-cell transcriptomics analyses and cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) analyses at the single cell level are expected to shed light on the relative frequencies of CD4 CTLs compared to classical cytotoxic lymphocytes and on key phenotypic markers to specifically identify these cells.



2.2 Autoimmune Diseases

CD4 CTLs have also been detected in autoimmune diseases (53, 54). Multiple sclerosis (MS) is the leading cause of chronic neurological disability in young adults. Different groups have shown that in an animal model of MS, CD4 CTLs drive progression of the disease, providing a link between the presence of these cells and disease severity and significant implications of these cells as therapeutic targets (55, 56). Primary Sjogren’s syndrome (SS) is one of the most common autoimmune diseases, and its pathogenesis remains poorly understood. Expansion of CD4 CTLs was identified in SS patients by single-cell RNA sequencing, and these cells might be involved in the pathogenesis of the disease (57). In addition, in ulcerative colitis (UC), CD29+ CD4 T cells were described as effectors leading to persistent inflammation and were involved in the repeated inflammation bouts observed in this disease (58). In another severe autoimmune disorder, systemic lupus erythematosus (SLE), CD4 T cells expressing natural killer group 2D (NKG2D) are expanded NKG2DL+ Treg cells that remove crucial immune-suppressive cells (59). CD4 CD28- T cells producing IFN-γ and perforin were reported ex vivo in samples taken from patients with rheumatoid arthritis (60) and ankylosing spondylitis (61).



2.3 Cancer

While T-cell studies in cancer have mainly focused on CD8 T cells, given their direct tumoricidal activities and the lack of MHC class II expression in many cancer types, recent data argue for a crucial contribution of CD4 T cells to tumour immunity (62). The protumour vs. antitumour roles of helper and regulatory CD4 T-cell subsets have been extensively studied in different tumour types. In contrast, the existence and function of CD4 CTLs in cancer remain unclear. Seminal preclinical studies by Allison’s group demonstrated that CD4 CTLs can directly kill tumour cells and eradicate established tumours in an MHC class II-dependent manner (63). In line with these observations, it was reported that tumour-reactive CD4 T cells with tumoricidal activities expand in vivo and eradicate established melanoma after the transfer of naïve CD4 T cells into lymphopenic hosts (64). Subsequent studies in patients showed the presence of expanded CD4 CTLs in several tumour types, such as lung cancer (65), colorectal cancer (66), hepatocellular carcinoma (67, 68), breast cancer (69, 70), head and neck cancer (71), osteosarcoma (72) and malignant melanoma (73), as assessed by deep single-cell RNA sequencing analyses of tumour-infiltrating lymphocytes. Whether these cells exacerbate, or counter tumour progression or metastasis formation remains to be fully elucidated and might depend on the tumour type and/or stage. Recently, CD4 T cells displaying a cytotoxic gene signature were reported in children with high-risk neuroblastoma and were associated with a putative protective effect that declined over time due to the progressive formation of an immunosuppressive tumour microenvironment (74). CD4 CTLs were also observed in B-cell chronic lymphocytic leukaemia (B-CLL), where they were able to kill autologous B-CLL cells ex vivo in a perforin-mediated mechanism (75, 76). In Burkitt’s lymphoma (BL), CD4 CTLs recognize an epitope of EBV, providing a novel mechanism for immune targeting of EBV-positive malignancies, as EBV-associated malignancies often escape class I-restricted immune recognition (76). Moreover, given that malignancies of B-cell origin express high levels of MHC class II, direct cytotoxicity by CD4 T cells might be the dominant mechanism for their elimination. Single-cell transcriptomic analyses in bladder cancer patients have recently identified multiple states of intratumoral CD4 CTLs. Of note, in a cohort of 244 metastatic bladder cancer patients treated with anti-PD-L1 therapy, a gene signature of CD4 CTLs was predictive of clinical response, arguing for a contribution of CD4 CTLs to the therapeutic efficacy of immune checkpoint (IC) blockade (77). However, whether and how CD4 CTLs can eliminate bladder cancer cells in vivo remain to be determined. The observations in bladder cancer are supported by previous preclinical work in murine melanoma. Transfer of a small number of CD4 T cells into lymphopenic mice, in combination with CTLA-4 blockade (63) or CD137 agonist immunotherapy (78), resulted in potent rejection of large vascularized tumours, independent of other immune cells and in an MHCII-restricted manner. Overall, these findings emphasize the possibility of exploiting the functions of CD4 CTLs in cancer immunotherapy, as discussed in more detail in Section 5 of this Review.




3 Phenotype and Killing Mechanisms of CD4 CTLs


3.1 Phenotype of CD4 CTLs

Although CD4 T cells with cytotoxic functions have been known for decades, it remains difficult to define a set of surface markers or transcription factors to differentiate CD4 CTLs from helper CD4 T-cell subsets (32). Here, we provide an overview of markers and transcription factors that have been implicated in defining CD4 CTLs (Figure 2).




Figure 2 | Schematic representation of the cell surface phenotype and some of the transcriptional mechansims that might contribute to CD4 CTL activation. Created with BioRender.com.



CD4 CTLs are mainly found within effector/effector memory, antigen-experienced, highly differentiated cells that have downregulated costimulatory receptors such as CD27 and CD28 (32, 61). Nevertheless, their differentiation pathways remain largely unknown. Transcription factors from the T-box family (e.g., T-bet (T-box expressed in T cells), Eomes (eomesodermin) and Runx3 (runt-related transcription factor 3) are known to cooperate to establish cytotoxic programs in CD8 T cells (79). In parallel, it has been suggested that both T-bet and Eomes are upstream inducers of the cytolytic capacity of CD4 T cells (80–82). In line with this hypothesis, Eomes is required for granzyme B expression by cytotoxic CD4 Th1 cells after dual CD134 and CD137 costimulation (83). Furthermore, ThPOK (T-helper-inducing POZ/Krueppel-like factor) is known to suppress Runx3 and to maintain CD4 T-cell lineage specification during thymic development (84). In mature T cells, sustained ThPOK expression limits the acquisition of Runx3-dependent cytotoxic functions in CD4 T cells (85). The balance of transcription factors expressed in peripheral CD4 T cells also influences the plasticity between helper and cytotoxic phenotypes, with persistent expression of ThPOK allowing the maintenance of the helper T-cell lineage gene expression program. Conversely, downregulation of ThPOK expression drives the conversion of mature CD4 T cells into MHC class II-restricted cytotoxic T lymphocytes (86). Finally, it has recently been shown that depletion of Treg cells induces a surplus of IL-2 in the tumour microenvironment in mice. In response to IL-2, the transcription factor Blimp-1 (B lymphocyte-induced maturation protein-1) drives granzyme B production and supports the acquisition of cytotoxic activity by T helper cells (87). Interestingly, the homologue of Blimp-1 in T cells, also called Hobit, which is mostly associated with tissue residency (88, 89) and maintenance of effector functions in CD8 T cells, appears to be equally linked to cytotoxic potential in CD4 T cells after primary hCMV infection (90).

In addition to putative master transcription factors, a highly variable panel of surface biomarkers has been proposed to define CD4 CTLs. For instance, among naïve and memory CD4 T cells, a small cell fraction expresses MHC class I-restricted T-cell-associated molecule (CRTAM) upon activation. CRTAM acquisition occurs in association with a heightened cytolytic capacity linked to the expression of cytolytic-related genes such as Eomes, IFN-γ, granzyme B and perforin (91). In line with these findings, in mouse models of viral infection, an increase in CRTAM-positive CD4 T cells was observed, but its expression was only transient upon TCR stimulation, making this molecule difficult to use as a specific CTL marker in vivo. CRTAM was originally described as an early activation marker of NK and CD8 T cells and plays a role in the regulation of CTL and NK-cell function (92). In malaria-infected individuals, CD38-positive CD4 T-cell expansion correlates with a significant decrease in the parasite burden in the blood, demonstrating a potential cytolytic function of these cells. CD38 is a glycoprotein with ectoenzymatic functions, and CD38+ CD4 T cells can also be identified in healthy donors, but only at lower frequencies (52). Furthermore, NKG2D+ CD4 T cells express cytotoxic factors such as perforin, granzyme B and FasL and have been shown to efficiently kill NKG2DL+ Treg cells (59). NKG2D is a key activating receptor expressed in NK cells (93), arguing for putative TCR-MHC-independent cytotoxic activity of NKG2D-expressing CD4 T cells. Experiments using MHC class II-blocking antibodies would help to unravel this mechanistic aspect. We recently reported that another NK-cell-associated molecule, signalling lymphocyte activation molecule family member 7 (SLAMF7), is enriched in CD4 CTLs in cancer patients. Its agonistic triggering can increase MHC class II-dependent target cell killing, at least in vitro (73). A humanized anti-SLAMF7 antibody (elotuzumab) has proven successful in the treatment of multiple myeloma patients. Whether its therapeutic efficacy also depends on the triggering of CD4 CTLs warrants investigation in the near future (94). Natural killer cell granule protein 7 (NKG7), expressed by NK cells, is also specifically enriched in CD4 TEMRA cells, concomitantly with transcripts for granzyme B, perforin and granulysin in cells displaying high cytotoxic potential (26). In addition, DENV-specific CD4 T cells upregulate the fractalkine receptor CX3CR1, previously described in NK cells and cytotoxic effectors (95), which correlates with cytotoxic capacity and Eomes, granzyme and perforin expression (43). Collectively, the fact that several prototypic NK-cell receptors are overexpressed by CD4 CTLs suggests that they might be indispensable for fulfilling the full cytotoxic potential of these cells. In HIV, CD107a+IFN-γ+ double-positive CD4 T cells share a transcriptional profile, including the expression of granzymes A and B and perforin, and exhibit killing activity similar to that of HIV-specific cytolytic CD8 T cells (96), suggesting that this marker combination might appropriately define CD4 CTLs, at least in the case of HIV infection. CD26, a widely expressed glycoprotein with dipeptidyl peptidase IV (DPPIV) activity, was recently proposed as a new marker for CD4 CTLs. Indeed, CD26high CD4 T cells elicit potent immunity against solid tumours (97). Finally, CD4 CTLs with the ability to kill autologous B cells can be induced by a TLR4 agonist adjuvant, resulting in the induction of CD40L and engagement of CD40 on target cells (98).



3.2 Mechanisms of Killing by CD4 CTLs

In terms of cytotoxic effector molecules, in addition to the release of lytic granules containing granzymes and the expression of perforin, other mechanisms might be involved in CD4 CTL cytotoxicity.


3.2.1 Granule-Dependent Cytotoxicity

Transcriptomic data confirmed by protein quantification revealed the presence of the antimicrobial peptide granulysin, and different granzyme types, including granzymes K and M, were significantly enriched in CD4 CTLs (73, 77). In addition, CD4 CTL, CD8 CTL and NK populations share similar expression of genes associated with granule-dependent cytotoxicity, including perforin, granulysin, granzymes A and B, although granzymes K, H and M levels are lower in CD4 than in CD8 CTLs (99, 100). Granulysin is a cationic protein with bactericidal activity. Its presence in CD4 CTLs suggests that these cells might be helpful in the response to some bacterial infections inefficiently cleared by conventional cytotoxic cells. Regarding granzymes, a recent report on CLL patients with durable responses to CD19-specific CAR T-cell therapy showed decade-long persistence of a highly activated CD4 T-cell population displaying upregulation of granzyme K and its closest homologue, granzyme A. These 2 genes were among the top 4 genes mostly upregulated in the CAR CD4 T cells. In contrast, granzyme B and M were highly expressed in persisting CAR CD8 T cells (101). Overall, CD4 T-cell cytotoxicity seems to be dependent, at least in part, on granule secretion but might rely on serine proteases with both cytotoxic and noncytotoxic functions (such as granzyme K) other than those employed by CD8 T cells.



3.2.2 Death Receptor-Dependent Cytotoxicity

In addition, the involvement of the Fas-FasL pathway has been reported in some studies, while Fas-FasL pathway-independent cytotoxicity has been observed in other settings (73, 102). Previously, it was shown that the use of monoclonal antibodies against Fas did not inhibit the in vitro killing of melanoma cells by CD4 CTLs (103). Another death receptor, TNF-related apoptosis-inducing ligand (TRAIL), can induce cancer cell death via apoptosis and is considered a cytotoxic marker (104). In melanoma, the TRAIL-TRAIL receptor axis can mediate cytotoxic activity by CD4 T cells against tumour cells (105). In contrast, in CD8 T cells and NK cells, Fas-FasL and TRAIL-TRAIL interactions are part of the major mechanism implicated in the destruction of target cells (106, 107). Overall, many unresolved questions remain in terms of differentiation pathways, markers, and cytotoxic mechanisms of CD4 CTLs. With the development of high-resolution microscopy technologies [with their respective advantages and disadvantages, as recently reviewed by others (108)], in-depth analysis of the immunological synapse between T cells and their targets might help clarify molecular usage, kinetics and mechanistic differences between helper and CD4 CTLs, and the features that endow the latter with the “licence to kill”.





4 The Immune Synapse Formed by CD4 CTLs

CD4 T-cell activation depends on interactions between the T-cell receptor (TCR) and its cognate peptide presented by an MHC class II molecule (pMHCII) (109). Several parameters have been found to be responsible for the acquisition of a helper versus a cytotoxic phenotype. The strength of the TCR affinity, the antigen dose (110), and the cytokine environment (110, 111) all contribute to the acquisition of cytotoxic functions, although these parameters are much less well characterized in CD4 CTLs than in cytolytic CD8 T cells (112). Interestingly, using a novel real-time single-cell nanochip, we recently reported that the killing kinetics of human tumour-specific CD4 T cells are delayed compared to those of CD8 T cells, suggesting that CD4 CTLs might rely on a distinct killing mechanism and/or spatiotemporal localization of TCR-pMHC interactions to acquire cytotoxic functions compared to conventional cytolytic lymphocytes (73). Productive T-cell activation requires the formation of the so-called immunological synapse (IS), where the TCR, MHC molecules loaded with an antigenic peptide and costimulatory molecules reorganize and lead to T-cell activation. The canonical view of the synapse refers to the generation of a “bull’s eye structure”, the supramolecular activation cluster (SMAC) (113), consisting of a central TCR-MHC cluster (central SMAC, cSMAC) surrounded by a ring of LFA-1/ICAM-1 adhesion molecules (peripheral SMAC, pSMAC) and a more distal ring where F-actin is concentrated (distal SMAC, dSMAC). The cSMAC can be divided into two components: the endo-cSMAC, in which TCR and CD28 continue to signal, and the exo-cSMAC, composed of TCR-enriched extracellular vesicles (114). Other molecules, such as protein kinase Cθ, are present in the pSMAC, as is CD45 in the dSMAC. CTLs function was reported to be independent of actin or plus-end microtubule motors (115). These cells use a novel mechanism controlled by movement of the centrosome to deliver lethal lytic granules to the target (115). Specifically, the centrosome moves to and contacts the plasma membrane at the cSMAC of the IS. Therefore, once the IS is formed, in CTLs, the secretory granules relocalize to the microtubule-organizing centre (MTOC) and ultimately polarize towards the IS, where actin depletion plays a critical role in regulating secretion (116). While very important for efficient delivery of the cytotoxic hit through the release of perforin and granzyme in the synaptic cleft, MTOC relocalization has been shown to be neither absolutely indispensable (117) nor necessary for lytic granule release (118). In parallel, in FasL-dependent cytotoxic cells, relocalization of the FasL molecule from the lysosome to the cell membrane occurs to trigger apoptosis of Fas-expressing targets (119). The overall duration of these synapses in cytotoxic CD8 T cells is very short, lasting only a few minutes, thus enabling repeated successive encounters with several target cells that can be serially killed. In comparison, the IS of conventional helper CD4 T cells is a much more stable structure that persists hours for optimal and continuous cytokine secretion (120). In this case, MTOC-containing cytokine-loaded granules traffic much slower to the IS, although consecutive formation of ISs with different targets can also occur for helper CD4 T cells. Finally, studies in CD4 CTLs showed that they form different ISs than either cytolytic CD8 T cells or helper CD4 T cells. Unstable cytolytic synapses were observed, with the delivery of the granules mostly in the pSMAC as opposed to in the cSMAC, as seen in the case of cytotoxic CD8 T cell ISs. In line with these findings, activated src kinases, reflecting proximal TCR-mediated signalling, were observed in both the cSMAC and the pSMAC of CD8 CTLs, while they were observed only in the pSMAC of CD4 CTLs. Of note, it is important to highlight that it is possible to modify IS stability. Treatment of CD4 CTLs with a protein kinase Cθ` inhibitor, which controls the pSMAC ring, increases synapse stability and the effectiveness of target cell lysis (121).

CTL synapses can have a polarized or nonpolarized pattern of degranulation; this latter case has been described in NK cells, where granule movement is uncoupled from MTOC polarization during synapse assembly (122). Moreover, while signalling at the pSMAC is not able to promote CTL polarization, totally depending on TCR engagement, in NK cells, LFA-1 signalling is sufficient to promote MTOC and granule polarization at the immune synapse (123). Other studies on NK cells have further confirmed that Wiskott-Aldrich syndrome protein (WASP) and WASP-interacting protein regulate polarization towards synapses (124). Notably, even though actin dynamics are also important for the formation of the NK immune synapse, a crucial difference exists between the synapses of NK cells and CTLs in the cortical cytoskeleton distribution. In contrast to the case in CTLs, in NK cells, lytic granule secretion occurs through a dense F-actin meshwork containing granule-sized clearances (125, 126). Additionally, NK-cell granules are constitutively associated with the motor myosin IIA, which promotes their interaction with the F-actin-rich cell cortex at the synaptic membrane and assists their final transit towards the synaptic cleft (127).

Little is known about the signalling pathways that trigger granule trafficking along the microtubules and determine the directionality of their transport, although a few signalling parameters have emerged as important regulatory factors, such as the signal strength. TCR triggering with low-affinity ligands leads to impairment of lytic granule polarization towards the MTOC (128), whereas only high-avidity interactions give rise to granule recruitment to the polarized centrosome at the synapse. Moreover, increased signal strength leads to an increased proportion of CTLs, where TCR strength modulates the rate but not the organization of effector CTL responses (129). Consistent with these findings, a study in CD4 T cells also found that stronger TCR signals resulted in decreased levels of PIP2 (130).

Overall, delayed and less effective cytolytic responses were observed in side-by-side studies of CD8 and CD4 CTLs, as was a lower propensity to kill a greater number of target cells within a limited time (131). Nevertheless, these cells are emerging as crucial cytolytic players in the context of in vivo MHC class I loss, as frequently seen in cancer. MHC class I downregulation or mutations in genes associated with MHC class I expression have been reported as the dominant mechanism of primary or secondary therapy resistance (132–134). The cytokine secretion capacity of CD4 CTLs linked with their cytotoxic functions might compensate for the loss of direct CD8-mediated killing in patients with defects in antigen presentation by MHC class I molecules.



5 CD4 CTLs in Immunotherapy

Targeting CD4 T cells in immunotherapy is receiving increasing attention owing to their pleiotropic antitumor roles, such as the ability to induce senescence of tumour cells (135, 136), to trigger the generation of tumoricidal macrophages (137, 138), to drive cytokine-dependent destruction of endothelial cells (139), and to help CD8 T cells, and more recently, they have also been recognized for their direct cytotoxic activity against tumour cells. In this section, we will discuss current evidence for CD4 CTL targeting and triggering in cancer immunotherapy.


5.1 Adoptive T-Cell Transfer

Preclinical models showing successful tumour rejection after the transfer of a small number of CD4 T cells into preconditioned tumour-bearing animals provided initial evidence for the clinical potential of CD4 CTL-based adoptive cell transfer (ACT) therapy (63, 78). In line with these observations, naïve tumour/self-specific CD4 T cells naturally differentiated into Th1/cytotoxic T cells in vivo and were sufficient to induce regression of murine melanoma (64). These cells expressed Tbet, IFN­γ, CXCR3, granzyme B, perforin and LAMP­1. Furthermore, it was recently shown that human CD4 CD26high T cells engineered to express a mesothelin-chimeric antigen receptor (CAR) elicit stronger immunity against large established mesothelioma after adoptive transfer in NSG mice than other Th CD4 subsets engineered with the same CAR (97). In humans, a single infusion of clonal NY-ESO-1-specific CD4 T cells in a metastatic melanoma patient resulted in complete resolution of pulmonary and nodal disease 2 months after ACT, suggesting that CD4 T cells alone were sufficient to trigger tumour elimination (140). In another case report study, tumour regression was induced in a metastatic epithelial cancer patient by ACT of endogenous tumour-infiltrating CD4 T cells recognizing a mutated erbb2 protein (141). When the disease progressed, the patient was retreated with mutation-reactive CD4 T cells and experienced tumour regression again. Rosenberg’s group evaluated the safety and efficacy of ACT using TCR-engineered CD4 T cells that expressed an HLA-DP4-restricted TCR targeting the cancer-testis antigen MAGE-A3. This regimen showed for the first time evidence that objective tumour regression can be mediated by engineered MAGE-A3–specific CD4 T cells in a variety of cancer types (142). More recently, Inderberg’s group isolated a human telomerase reverse transcriptase (hTERT)-specific TCR was identified in a CD4 T-cell clone from a vaccinated pancreatic cancer patient that, when expressed in primary CD4 and CD8 T cells, conveyed potent killing efficacy and reduced tumour growth, leading to improved survival in a xenograft mouse model (143). Current efforts should focus on refining the criteria to select optimal CD4 CTLs in order for CD4 T cells to be implemented in ACT-based therapies and to achieve ultimate clinical success. In this regard, it is crucial to understand the regulation of CD4 CTL induction and the possibility of preferentially triggering CD4 CTLs in vitro for ACT. The use of histone deacetylase inhibitors (HDACis) resulted in upregulated cytotoxic-related genes in CD4 T cells, arguing for epigenetic control of CD4 T-cell helper versus cytotoxic phenotypes (144). Antigen dose also influences CD4 T-cell cytolytic activity: a low concentration of peptide induces more potent cytolytic activity than relatively high doses, particularly via IL-2 (110). Moreover, costimulation with CD134 (OX40) and CD137 (4-1BB) maximizes clonal expansion and imprints a cytotoxic phenotype on CD4 T cells (83). It has been reported that IL-12 can increase the granzyme expression and cytotoxicity of CD8 T cells (145), but this remains to be tested in CD4 T cells. In addition, we showed that exposure to IL-12 increased SLAMF7 expression in CD4 T cells (73). Finally, it is noteworthy that TCR signal strength affects the differentiation of effector cells and T-cell polarization, as it controls downstream cytokine receptor expression (146). These data suggest that it is possible that CD4 CTL differentiation is similarly regulated.

In addition to the transfer of natural or gene-engineered T cells, chimeric antigen receptor (CAR)-T-cell ACT is also emerging as a powerful immunotherapy, mainly for haematologic malignancies. Whether high proportions of CD4 T cells in the infusion product lead to superior results has only started to be determined. In leukaemia, in vivo generation of CD19-CAR T cells selectively in CD4 T cells by using a CD4-targeted lentiviral vector led to the reduction or even complete elimination of CD19-positive cells (147). In addition, in a tumour mouse model, these cells exhibited superior tumour cell killing and faster kinetics than CD8-targeted lentiviral vector counterparts (148). Interestingly, in 2010, two patients with CLL were infused with CD19-specific CAR T cells and responded with complete remission. A recent analysis of the CAR T-cell populations in the 10-year follow-up of these patients showed the persistence of highly activated CD4 T-cell populations with cytotoxic characteristics, such as high granzyme K and A expression, which appear to be critical for long-term tumour control, as opposed to CD8 CAR T cells, which are key in the initial response phase (101). In addition, in glioblastoma, CD4 CAR T cells were identified as a highly potent and clinically important T-cell subset for therapy (149).



5.2 Immune Checkpoint Blockade

The putative involvement of CD4 CTLs in clinical responses to immune checkpoint blockade (ICB) stems primarily from correlative or in vitro studies. Baseline expression of in situ MHC class II, but not MHC class I, by tumour cells was reported to be sufficient to segregate responders from non-responders treated with an anti-PD1 antibody (150). This finding suggests a potential direct contribution of CD4 CTLs to ICB clinical efficacy. In line with these data, in bladder cancer, an intratumoral cytotoxic CD4 gene signature was predictive of the response to anti-PD-L1 therapy (77). In 4 melanoma patients treated with anti-CTLA4, tumour-specific CD4 T-cell lines established from samples collected post-ipilimumab treatment showed superior in vitro lysis of NY-ESO-1+-expressing tumour cell lines compared to pre-treatment CD4 T cells (82), suggesting ICB induction of a CD4 CTL phenotype. These results are supported by preclinical work combining ACT and ICB in tumour mouse models (63). Similarly, in vitro OX40 engagement by three patient-derived tumour-specific CD4 T-cell lines exhibited heightened cytolytic effects against melanoma cell lines, arguing for in vivo tumoricidal capacity, as observed in the preclinical evaluation (81). How the targeting of distinct inhibitory or activating receptors impacts pre-existing CD4 CTLs and/or induces them de novo remains to be fully elucidated and will be highly relevant for patient stratification and immune treatment choice. Furthermore, in addition to correlative studies, direct side-by-side comparisons of CD4 CTLs and CD8 T cells in appropriate NSG or humanized mouse models will be necessary to prove the clinical relevance of these cells, alone or in combination with CD8 T-cell targeting.



5.3 Vaccination

The inclusion of CD4 T-cell targeting in vaccination protocols has recently led to superior, integrated CD4 and CD8 T-cell responses in cancer patients. While T helper and T regulatory cell responses have been extensively characterized in trials consisting of several vaccine regimens, studies evaluating CD4 CTL expansion/induction and their clinical relevance upon therapeutic vaccination in cancer remain scant. The first vaccine that induced a CD4 CTL response was published in the 1990s in human immunodeficiency virus type 1 (HIV)+ individuals. In that study, patients were vaccinated with recombinant envelope glycoprotein gp160. Cytotoxic activity was observed and was found to not be mediated by classic CD8 CTLs but rather by cells of the CD4 T-cell lineage that were able to lyse targets expressing HIV-1 (151). Around the same time, a case study showed that a vaccination consisting of a mutated p21ras peptide-induced CD4 CTL antigen-specific T cells that were able to recognize pancreatic-adenocarcinoma cells achieved a successful outcome (152). In a recent trial based on long synthetic peptides targeting up to 20 neoantigens per patient, both CD4 and CD8 neoantigen-specific T-cell responses were generated. Gene expression profile analyses in individual neoantigen-reactive CD4 T cells showed an upregulation of genes related to cytotoxicity, such as granzyme A and granulysin (153). Peptide cancer vaccines also stimulated CD4 T cells with cytotoxic capacity in prostate cancer patients after an AE37 vaccine, a HER2 hybrid polypeptide. These cells share a Th1 cytokine profile, which contributes to strengthening effector antitumor functions (154). Additionally, another trial also demonstrated the generation of antigen-specific CD4 T cells cytotoxic against hTERT+ cells. The presence of these cells in combination with CD8 T cells elicited an important response essential for tumour regression and the generation of long-term T-cell memory (155). An increase in CD4 cytotoxic T cells was found in a mouse pancreatic cancer model after the administration of an antigen-specific dendritic cell (DC)-targeted vaccine, and this effect was enhanced when combined with anti-CTLA4 therapy (156). Antitumor activity mediated by cytotoxic CD4 T cells was also shown in a model of hepatocellular carcinoma treated with a DC vaccine and interleukin-12 (IL-12) (157). Finally, we recently reported that CD4 T cells specific for the cancer-testis antigen NY-ESO-1, either naturally occurring or induced by long synthetic peptide immunization in combination with CpG (158), were able to efficiently kill tumour cells in an MHC class II-restricted manner (73).




6 Conclusions

Our understanding of the phenotypic and functional heterogeneity of CD4 T cells has progressed enormously from the 1990s, when multicolour flow cytometry and cytokine release assays were the main tools at hand, to the last seven years or so with the advent of single-cell-resolution technologies. These include mass cytometry and single-cell RNA sequencing. In addition to the firm establishment of broadly defined type 1, 2 and 3 CD4 T-cell functional subsets, the wealth of available results supports the inclusion of an additional specialized functional subset uniquely able to kill target cells in an MHC-II-restricted antigen-specific manner. Unlike types 1 to 3, which can be defined by specific cell clients (phagocytes for type 1, B- cells, eosinophils and mast cells for type 2 and stromal and epithelial cells for type 3), the cytolytic subset targets all cell types and tissues.

A major caveat to the breadth of CD4 CTL responsiveness is the restricted tissue expression of MHC-II molecules. Indeed, their expression is known to be confined to antigen-presenting cells and phagocytes. However, this pattern only holds true in steady state tissue conditions. In fact, MHC class II expression is inducible by IFN-γ, a cytokine produced during ongoing adaptive immune responses mediated by both CD4 T-cell and MHC-I restricted CD8 T-cell responses. It is thus conceivable that CD4 CTLs are an important component of adaptive immunity poised to be deployed during acute as well as sustained immunity.

As with practically every cell-mediated immune response, CD4 CTLs may subserve potent protective immune responses against microbial pathogens as well as cancer and contribute to inflammatory and autoimmune diseases. The signals and regulatory gene expression regulators involved in the specification of CD4 CTL lineage commitment and differentiation are understood. However, much work remains to be done to conclusively outline the mechanisms involved, the stability of the lineage and the regulation of its induction and maintenance. The evidence supporting the importance of CD4 CTLs in health, longevity and immunity provides impetus for these future studies. A detailed understanding of CD4 CTLs may enrich the armamentarium of the blooming field of immunotherapy.
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CD8+ cytotoxic T lymphocytes (CTLs) are the main cellular effectors of the adaptive immune response against cancer cells, which in turn have evolved sophisticated cellular defense mechanisms to withstand CTL attack. Herein we provide a critical review of the pertinent literature on early and late attack/defense events taking place at the CTL/target cell lytic synapse. We examine the earliest steps of CTL-mediated cytotoxicity (“the poison arrows”) elicited within seconds of CTL/target cell encounter, which face commensurately rapid synaptic repair mechanisms on the tumor cell side, providing the first formidable barrier to CTL attack. We examine how breach of this first defensive barrier unleashes the inextinguishable “Greek fire” in the form of granzymes whose broad cytotoxic potential is linked to activation of cell death executioners, injury of vital organelles, and destruction of intracellular homeostasis. Herein tumor cells deploy slower but no less sophisticated defensive mechanisms in the form of enhanced autophagy, increased reparative capacity, and dysregulation of cell death pathways. We discuss how the newly discovered supra-molecular attack particles (SMAPs, the “scorpion bombs”), seek to overcome the robust defensive mechanisms that confer tumor cell resistance. Finally, we discuss the implications of the aforementioned attack/defense mechanisms on the induction of regulated cell death (RCD), and how different contemporary RCD modalities (including apoptosis, pyroptosis, and ferroptosis) may have profound implications for immunotherapy. Thus, we propose that understanding and targeting multiple steps of the attack/defense process will be instrumental to enhance the efficacy of CTL anti-tumor activity and meet the outstanding challenges in clinical immunotherapy.
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Introduction

CD8+ cytotoxic T lymphocytes (CTLs) are highly sensitive effector cells of the adaptive immune system that identify and kill infected or transformed target cells in an antigen-specific manner. CTLs are equipped with a diverse array of biological “siege weapons” designed to penetrate exterior defenses, infiltrate target cells, and ultimately trigger tumor cell death from within through a combination of irrecoverable homeostatic perturbation and widespread intracellular proteolysis. Nonetheless, CTLs face substantial resistance from tumor cells, which have built a formidable fortress of defense mechanisms that must be overcome in succession for the attack to succeed. The dynamic interplay between CTLs and targets is the subject of this review.



Choreography and Outcome of CTL/Target Cell Dynamic Encounters


CTL/Target Cell Encounters

Upon encountering a potential target cell, migratory CTLs form transient conjugates mediated by the engagement of adhesion molecules such as lymphocyte function-associated antigen 1 (LFA-1) on CTLs and intercellular adhesion molecule 1 (ICAM-1) on target cells (1). During this phase, CTLs scan the target cell surface in an actin cytoskeleton-dependent manner (2) and, in the absence of antigenic recognition, rapidly disengage from their targets and re-acquire migratory behavior (3, 4). Alternatively, upon engagement of T cell receptors (TCR) by peptide-MHC class I complexes on the target cell surface, CTLs display actin cytoskeleton polymerization and LFA-1 conformational changes, leading to increased affinity for ICAM-1. As a consequence, CTLs slow down or stop their migration and establish prolonged contacts with target cells [reviewed in (2, 5, 6)].

One intriguing characteristic of the CTL response to antigenic stimulation is its dual activation threshold. While a strong antigenic stimulation is required for clonal expansion and cytokine production by CTLs (7, 8), as few as 1–10 specific peptide-MHC complexes displayed on the target cell surface suffice to trigger CTL-mediated cytotoxicity (9–11). This exquisite sensitivity enables a rapid shoot-to-kill response immediately upon detection of a target, prior to activation of the full cascade of molecular events (e.g. de novo synthesis of TNFα and IFNγ) associated with a sustained CTL response. Recent studies using single-molecule localization microscopy have confirmed the formation of high-density TCR-CD3 nanoclusters upon antigen recognition (even at low antigen concentrations) and this observation may underlie the CTL’s exquisite sensitivity to antigenic stimulation (12).

Antigen recognition by CTLs triggers the formation of a specialized signaling area named the immunological synapse (IS). Initially, the term IS was coined to describe the intercellular communication occurring at the contact site between CD4+ helper T cells and antigen presenting cells (APCs) (13–15). More recently, the term IS has been extended to include a wide range of immune cell interactions (7, 16–19). In CTLs, the dual activation threshold is reflected by the formation of two distinct synapses: the lytic synapse (LS) and the stimulatory synapse (SS). The term LS refers to molecular re-arrangements occurring during cytotoxicity (such as lytic granule polarization and docking at the CTL/target cell contact site) that are detectable in CTLs under conditions of both low and high antigenic stimulation. The term stimulatory synapse (SS) refers to the concentric large-scale segregation of surface molecules and signaling components characteristic of a mature IS and occurs only with target cells that provide the strong antigenic stimuli required for cytokine production (7). This dichotomic classification of synapses does not negate the continuous dose-dependent CTL activation process, in which several biological responses are progressively activated with increasing dose of antigen. Rather, it is an operational classification of these specialized signaling areas, underlining how synapses do not always exhibit the prototypic concentric structure based on large-scale molecular segregation, but rather their spatial configuration is a manifestation of an ongoing activation process. In line with this operational classification, additional studies put forth the notion that concentric ISs, characterized by the formation of distinct supramolecular activation clusters (SMACs) as they were originally described in helper T cells (15), are dispensable for killing activity (7, 11, 20).

The ISs formed by CTLs are endowed with a high degree of plasticity and may be rapidly formed and disassembled during multiple encounters with target cells. For instance, an individual CTL can establish a stable SS with a target cell providing strong antigenic stimulation and simultaneously kill other target cells offering low antigenic stimuli by forming multiple LSs (21). This phenomenon has been defined as “multiple killing” and is at least in part responsible for the observed capacity of CTL to kill outnumbering target cells as discussed below (Figure 1). Sequential killing, wherein the CTL disengages from the first target cell in order to form a LS with a different target cell, can also lead to similar outcomes. For instance, chimeric antigen receptor (CAR) T-cells that co-express both a conventional TCR and a CAR have also been shown to engage in multiple killing behaviors when either the TCR or the CAR was engaged, with serial killing accounting for approximately 20% of killing events (22). Interestingly, mitochondrial translation was recently shown to be required for the sustained serial killing ability of CTLs, a phenomenon that depends upon “refueling” of CTLs with newly synthesized cytolytic proteins (23).




Figure 1 | Different scenarios of CTL/target cell interaction. The left panel depicts different modes of CTL-mediated killing. CTLs eliminate tumor cells via a combination of killing modes, including multiple killing (one CTL kills several targets) or additive killing (several CTLs kill one target through the accumulation of intracellular damage). Furthermore, CTLs exhibit heterogeneous killing capacities ranging from high to low per-capita killing potential. The right panel illustrates individual outcomes at the lytic synapse between a given CTL and target cell. These encounters can be divided into three categories: non-lethal (in which full CTL activation does not trigger any response in target cell), sub-lethal (in which the target cell receives a CTL death signal but manages to resist the lethal outcome), and at last the lethal encounters (in which a CTL accomplishes complete annihilation of the target cell).



It is noteworthy that a functional LS requires the involvement of adhesion molecules such as LFA-1. It has been shown that productive LFA-1 engagement is essential for secretion and directed release of lytic granules (24, 25). In this respect, the dynamic physical features of the cell-cell contact sites can play an important role in the adhesiveness of the IS and the efficacy of CTL lytic function (26). In fact, following IS formation, CTLs exert mechanical forces towards their target in order to improve perforin pore formation and target cell annihilation (27–29).

LS formation provides a platform to facilitate the execution of a variety of cell-death inducing mechanisms, collectively referred to as “lethal hit delivery”. Depending upon the nature of the cell death pathway being engaged (discussed below), lethal hit delivery can be elicited within seconds after CTL/target cell encounter or evolve over a period of hours/days (30). Once the lethal hit is delivered, CTLs can detach from dying target cells, re-acquire their motility, and bind to new target cells. Jenkins et al. have provided evidence that CTL detachment from the target is a cell death-dependent process; a failure or deficiency in perforin-mediated killing can increase the dwell time before detachment from target cells, which can increase undesirable side effects such as production of excess cytokines (31). It should be noted, however, that because of the high degree of CTL motility, in particular in 3D culture conditions, target cell death is not strictly required to promote CTL detachment (30).

Early studies based on cytotoxicity measurements at low effector/target (E/T) ratios, followed by live cell imaging approaches, revealed that a single outnumbered CTL can kill multiple target cells in vitro (32), highlighting the impressive killing capacity of CTLs (Figure 1). A more recent in vitro study accompanied by computer-assisted modelling of CTL/target cell interaction further illustrated the capacity of outnumbered CTL to kill multiple targets (33). In vivo studies based on two-photon microscopy imaging of live tissues and computational analysis of CTL/target cell dynamics elegantly verified the multiple killing phenomenon, although killing appeared to occur at a slower rate in vivo than in vitro (34–36). Another recent study also confirmed that CTLs can perform serial encounters with target cells in 3D in vitro cultures and revealed that, under these experimental conditions, tumor cells accumulate damage during sequential encounters with different CTLs and initiate a cell death process only upon reception of several hits in close sequence (Figure 1) (30). A similar phenomenon of “additive killing” was observed in virus-infected fibroblasts interacting with cognate CTLs in vivo (34). Using intravital imaging, Khazen et al. highlighted the functional heterogeneity of CTLs inside the tumor microenvironment, illustrating that while a subset of CTLs were able to perform simultaneous killing of different target cells, others established sub-lethal contacts with multiple target cells encountered sequentially (37). The process of multiple killing therefore has two main endpoints. On one hand, it allows CTLs to kill many target cells that are intrinsically sensitive to cytotoxicity. On the other hand, sequential CTL/target cell encounters can overcome the resistance of refractory target cells.

A further key feature of CTL-mediated cytotoxicity is the considerable heterogeneity of the “per capita killing” exhibited by individual CTLs (Figure 1). Live cell imaging of individual human CTLs belonging to clonal populations that had been confined in micro-chambers together with outnumbering target cells showed a per capita killing varying from 1 to 12 targets during an overnight period (8). Computer-assisted analysis of overnight killing assays performed at very low E/T ratios verified this highly variable per capita killing and revealed the intriguing phenomenon that per capita killing was significantly affected by CTL density (33).

The molecular mechanisms generating such heterogeneous killing behaviors during the sustained phases of CTL/target cell interaction are presently elusive. Nonetheless, is interesting to note that super killing capability (i.e. the capacity of an individual CTL to kill many target cells) is not necessarily inherited by the super-killer’s daughter cells; upon re-stimulation and clonal expansion, an individual super-killer cell generates a progeny of daughter cells endowed with different killing capabilities (8). This observation suggests that the heterogeneous killing behavior of individual CTLs is stochastically generated during cell division. Results showing that lytic granules are stochastically and asymmetrically distributed in nascent daughter cells during human CD8+ T cell mitosis, as well as the demonstration that LFA-1 is likewise unequally distributed to progeny, are in line with this hypothesis (38, 39).

As reported above, heterogeneous killing behavior has also been demonstrated in a mouse model in which cytotoxicity was investigated in the tumor microenvironment using live two-photon microscopy. In this study, many CTL/tumor target cell contacts appeared to be “null”, while others resulted in limited damage of the target cells and relatively few were fully cytotoxic (37). It is conceivable that the heterogeneous killing behaviors reported in the different studies can derive from two main components, each one predominating over the other depending on the system in which cytotoxicity was studied. On one hand, heterogeneous killing efficacy can be derived from the stochastic generation of more or less “armed” CTLs during clonal expansion. On the other hand, individual tumor cells can present a stronger or weaker resistance to the attack of one or more CTLs. The stationary stochastic generation of CTLs endowed with heterogeneous killing potential at each cell division can be instrumental in randomly generating short-lived CTL cohorts harboring functional heterogeneity which are therefore more suited to face heterogeneous target cell populations.

Another important feature of CTL functional heterogeneity is that it can be markedly influenced by the microenvironment in which CTLs encounter their targets. Using intravital imaging, Michonneau et al. reported strong cytotoxicity by CTLs located in the liver while CTLs in the lymph nodes displayed a lower killing activity (40). Such anatomical heterogeneity was also observed for CAR-T cell therapy of B cell lymphoma (41). It is becoming increasingly clear that lethal hit delivery is not a homogeneous, rapid on/off phenomenon as initially considered, but rather is a multi-step, multi-faceted and, in some cases, sustained phenomenon that differs in choreography and outcome at each CTL/target cell encounter.



The Rapid and Late Mechanisms of CTL-Mediated Cytotoxicity

The most rapid pathway used by CTLs to kill their target cells is perforin/granzyme-mediated cytotoxicity. Very rapidly after productive TCR engagement and, as mentioned above, even in the presence of weak antigenic stimulation, CTLs secrete the pore-forming protein perforin, the potent proteases granzyme A and B, and other proteases stored in the cytoplasmic granules (named lytic granules) at the LS (42, 43). Penetration of granzymes into target cells downstream of perforin-mediated target membrane perforation triggers complex and interconnected cell death pathways, which have different impacts on the immune response as detailed in later sections (44–47).

The development of ultra-rapid high-resolution techniques for live cell imaging has made it possible to assess the time elapsed between initial CTL/target cell contact and lytic granule secretion, revealing that this process is very rapid. It was initially demonstrated that within minutes after antigen recognition: i) lytic granules converge via a microtubule minus end-directed movement towards the microtubule organizing center (MTOC) of the CTL; ii) the MTOC is re-polarized towards the LS. The combination of these two processes brings a large fraction of lytic granules beneath the plasma membrane where they dock and fuse following a short and rapid microtubule plus end-directed movement (48–50).

Recent studies based on 4D imaging (3D plus time) provided a tomography view of LS dynamic architecture during lethal hit delivery, allowing for the precise measurement of the time required for CTL lytic machinery repolarization (51, 52). These studies showed that, in mouse CTLs, centrosome docking at the LS is complete within 5 minutes after initial TCR-coupled [Ca2+]i in a large fraction of CTL/target cell conjugates and that lytic granules converge towards the LS during the following minutes to be secreted within an area of reduced actin density. The cortical actin network has been proposed to act as a physical barrier limiting lytic granule access to the plasma membrane and thus its synaptic depletion favors lytic granule secretion (51, 52). Accordingly, it has been reported that actin recovery at the synapse leads to termination of lytic granule secretion by CTL (53). An impact of actin network on lytic granule secretion has been shown also in the LSs formed by NK cells (54, 55). In NK cells, a dynamic network of actin cytoskeleton characterized by stochastic displacement of filaments with formation and disappearance of cortical actin at the LS has been described. This Arp2/3 and myosin IIA-dependent actin dynamism is instrumental to allow lytic granules to percolate through dynamic actin pores to reach the plasma membrane (56).

While the process of MTOC repolarization and granule convergence towards synapse has been shown to be very rapid, monitoring Ca2+ entry into target cells at high time resolution as a marker of plasma membrane perforation provided the surprising result that lytic granule secretion can start even earlier than MTOC re-positioning at the LS. Pore formation-dependent Ca2+ entry into target cells was indeed detected as early as 30-40 seconds after human CTL contact with target cells in many conjugates (57, 58), while other studies on human NK cells have shown perforation of the target cell membrane (as detected by propidium iodide penetration) within a similar time frame (59). These results are intriguing as they imply that the entire process of lethal hit delivery comprising TCR-coupled signal transduction, Ca2+-dependent lytic granule secretion, and perforin-mediated pore formation can occur within seconds, making CTL-mediated cytotoxicity an extraordinarily rapid biological phenomenon. These findings are compatible with precise measurements of signal transduction initiation following TCR engagement based on photoactivation of cognate pMHC complexes in mouse antigen presenting cell/CD4+ T cell conjugates. This approach showed a substantial progression through the TCR signaling cascade in less than 10 seconds after photoactivation, making it conceivable that a few lytic granules might be secreted by CTL within a few seconds (60).

A corollary of these findings is that the secretion of at least some lytic granules by each individual CTL can be uncoupled from MTOC re-polarization and centrosome docking at the LS, thus conferring extraordinary flexibility to lytic granule secretion and allowing a CTL to kill multiple target cells encountered simultaneously (21). The observation that centriole deletion in CTLs, while altering microtubule architecture, has surprisingly no effect on lytic granule polarization and directional secretion is in line with these observations and supports the notion that a non-centrosome-dependent lytic granule secretion pathway exists in CTLs (61).

The molecular mechanisms by which some lytic granules are secreted in the absence of MTOC re-polarization are presently elusive. It is conceivable that microtubules (MT)-initiation sites (62) might be formed at the IS during the first seconds following productive TCR engagement, leading to microtubule nucleation at the synaptic area and docking of few nearby lytic granules. As will be discussed in the following sections, while ultra-rapid lytic granule secretion confers flexibility and efficacy to the CTL killing behavior, this rapid exocytosis might also be detrimental for killing efficacy under some circumstances (57).

The above-described perforin-based cytotoxic events are all based on the rapid formation of LS at the contact site between CTL and target cells and the release of soluble perforin and granzymes into the synaptic cleft within seconds after cell-cell contact. In addition to this thoroughly investigated mechanism of lethal hit delivery, recent findings revealed that cytotoxicity might also occur via a delayed mechanism based on the release of molecular aggregates of lytic components and additional bioactive molecules enrobed by a glycoprotein shell. These supramolecular aggregates have been named SMAPs (Supra Molecular Attack Particles) (63, 64). SMAPs are released during the 60-90 minutes following TCR productive engagement and serve as autonomous killing entities as they remain structurally compact and biologically active after their release and binding to the extra-cellular matrix. The SMAPs, which have been identified in both CTL and NK cells (63–65), operate during an intermediate time period between the extremely rapid synaptic perforin/granzyme cytotoxicity and the death receptor-mediated cytotoxicity that can continue for hours and days after TCR triggering. The efficacy of SMAPs against cytotoxicity-resistant targets and their potential as pharmacological anti-tumoral agents are currently under intense investigation. It is interesting to note that beyond their lytic potential, released SMAPs might also play additional roles in amplifying or shaping the immune response. The observation that these entities contain chemokines suggests that they might also serve as chemotactic bio-diffusers relevant for recruiting additional effector cells to the site of CTL antigen recognition. The capacity of killer cells to release particulate supramolecular aggregates is not unique in the immune system. For instance, mast cells are also known to exteriorize their granule content on the plasma membrane and to release particulate supramolecular structures upon degranulation (66).

As mentioned earlier, in addition to the perforin/granzyme pathway, CTLs exert their cytotoxic activity through cell surface tumor necrosis factor (TNF) receptor family members including Fas ligand (FasL) and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) molecules. These are either expressed on the surface of CTLs or released as exosome membrane-bound death ligands (67, 68). Upon IS formation, FasL or TRAIL bind to their cognate receptors (Fas and TRAIL-receptor, respectively) present on the surface of the target cell. This engagement induces cleavage of pro-caspase 8 and 10 in target cells, activating the extrinsic apoptotic pathway as discussed below (69–71). Several studies suggest that slower kinetics characterize death receptor-mediated killing and referred to this as a slow killing mechanism (72). In fact, under resting conditions, few FasL molecules are expressed on the surface of CTLs, and at least 15 minutes post-TCR stimulation are required for FasL to be significantly upregulated on CTLs’ surface; continuous stimulation of T cells induces a de novo synthesis of this protein that peaks after 2-4 hours (73). The coexistence of a rapid low-threshold release of stored FasL with a slower FasL synthesis pathway requiring several hours suggests that CTLs combine different waves of rapid and slow FasL expression to better overcome target cell resistance (74).

The exact relevance of death receptor pathways in eliminating tumors is still under investigation. How CTLs utilize and regulate fast and slow cytotoxic mechanisms is also currently unclear. Hassin et al. provided evidence that these two pathways work in concert to mediate successful CTL cytotoxicity. In particular, FasL could restore the lytic action of late-stage poor perforin−expressing CTL (72). In addition, Prager et al. showed that during the serial encounter of target cells, NK cells switch from perforin/GzmB to death receptor-mediated killing (75).

All in all, although a clear picture of CTL-mediated cytotoxicity has not been drawn, available data strongly suggests that CTLs deploy both cellular and cell-free killing weapons at different time points upon encountering target cells. Such cooperative activity among different lytic components can be instrumental for the accomplishment of complete and durable tumor eradication.




Choreography of the Target Cell Response to CTL Attack


Intracellular Consequences of CTL Attack

The deployment of cytotoxic molecules from CTLs is finely orchestrated, and the target cell response to attack is equally nuanced, involving a high degree of spatiotemporal coordination and multiple waves of defense mechanisms with different kinetics. In order to appreciate the defense mechanisms at play during tumor cell response to CTL attack, it is first necessary to define the molecular effects of CTL-derived cytotoxic molecules.

Inside the target cell, one can identify two main mechanisms of CTL attack, each of which must overcome different and formidable defensive barriers. First is the engagement of intracellular regulated cell death (RCD) pathways by CTL-derived cytotoxic molecules, which directly drives RCD. Second is the catastrophic disruption of intracellular homeostasis beyond the target’s reparative capacity, which indirectly drives RCD. Together, these complementary strategies form a framework within which to conceptualize the diverse mechanisms of CTL attack.



Direct Engagement of RCD Pathways by CTL-Derived Cytotoxic Molecules

RCD involves the engagement of specific molecular machinery within the target cell to execute an intentional cell death program, typically in response to excessive intracellular or extracellular perturbations (76). RCD is distinguished from accidental cell death (ACD) on the basis that ACD is instantaneous, catastrophic, and cannot be delayed or prevented by pharmacological or genetic means (76). Twelve RCD modalities have been identified (comprehensively reviewed elsewhere (76), each characterized by specific molecular and morphological characteristics. To date, four modalities have been implicated in target cell death upon CTL attack: intrinsic apoptosis (77), extrinsic apoptosis (73, 78), pyroptosis (79–81) ferroptosis (82). These are outlined in Table 1.


Table 1 | Molecular and morphological features of different regulated cell death modalities in the context of CTL attack.



The classical mediators of apoptosis are the caspase family of cysteine-aspartic proteases, which systematically dismantle the cell through regulated intracellular proteolysis. Intrinsic apoptosis is driven by irrecoverable perturbations to intracellular homeostasis, which disrupt the balance of pro-apoptotic (e.g. Bax/Bak) and anti-apoptotic (e.g. Bcl-2) regulatory proteins, leading to mitochondria permeabilization, cytochrome C release, and activation of caspase-9, which in turn activates caspases-3 and -7 (76). Although the induction phase of intrinsic apoptosis is highly asynchronous across a population of cells [ranging from minutes to days following exposure to apoptotic stimulus (83)], high resolution single-cell imaging has demonstrated that the cytochrome C release phase is tightly confined to a 5 minute window (84). Within this time, cytochrome C release propagates throughout the cell in a spatially coordinated wave, initiated from a single or multiple distinct mitochondrial clusters (85). Crucially, apoptosis may be reversible at this stage (83), which offers opportunities for apoptosis resistance mechanisms to be engaged. Extrinsic apoptosis by contrast is initiated by ligation of plasma membrane death receptors (e.g. Fas/CD95) by their cognate ligands, which triggers the assembly of an intracellular death-receptor complex that facilitates activation of caspase-8/10 upstream of caspase-3/-7. Both intrinsic and extrinsic apoptosis converge upon activation of executioner caspases-3/7, which cleave an array of intracellular substrates, leading to precisely choreographed cellular demolition and emergence of key phenotypic characteristics such as DNA fragmentation, phosphatidylserine (PS) externalization and membrane blebbing. This final executioner phase has a restricted duration, averaging 96 minutes (83) and cannot be rescued following removal of apoptotic stimuli (83). Classically, apoptotic cells retain plasma membrane integrity throughout the demolition process until they are cleared by phagocytes, but in vitro end-stage apoptotic cells eventually rupture through a process called secondary necrosis. Previously assumed to be a passive process, recent studies have demonstrated that secondary necrosis is an active process facilitated by gasdermin E (86), a pore-forming executioner protein best known for its role in pyroptosis (described below), which may render apoptotic cell death inflammatory in vitro.

Granzyme B directly engages with RCD pathways through cleavage and activation of initiator and executioner caspases upon CTL attack; this may occur either through direct proteolytic cleavage or indirectly through the cleavage and activation of upstream caspases (87–89). Cleavage of caspase-3 by granzyme B generates a p20 fragment that requires a second cleavage event generating the p17 fragment to achieve full activity (90). This second cleavage event is constitutively blocked by the inhibitor of apoptosis (IAP) family proteins, until inhibition is released through the Bid-Smac/Diablo pathway; thus granzyme B-mediated caspase-3 cleavage requires cooperation with host apoptotic machinery and is vulnerable to fail when such machinery is inactivated (89–92). Upstream of the caspases, granzyme B can also alter the crucial balance of pro- and anti-apoptotic regulatory proteins; for instance, GzmB can directly activate pro-apoptotic Bcl-2 family members such as Bid in < 2 min (93), causing mitochondrial depolarization and release of cytochrome C (89, 93–97). The direct engagement of cell death machinery is one reason whereby a protease like granzyme B with a relatively restricted number of substrates can drive cell death so rapidly and robustly (77). It is worth noting, however, that the granzyme B substrate profile is not identical between species (89) and may be concentration-dependent (77), highlighting the need to validate findings in the human context and at physiologically relevant concentrations.

Although most early studies supported the notion that CTL-induced target cell death was apoptotic in nature, it is important to consider that alternative RCD modalities were not well-defined until recently, and that the apoptosis assays employed were not particularly specific (79). The term “apoptosis” was broadly used to distinguish RCD from ACD (at the time simply called “necrosis”) on the basis of criteria such as blebbing morphology and caspase-3 activation. Although this was a useful distinction, the historic application of the term “apoptosis” to target cell death upon CTL attack does not imply that it meets the stringent molecular criteria for apoptosis as it is defined today, nor that other related RCD modalities have been excluded. Many classical morphological and molecular features of apoptosis such as membrane blebbing, caspase-3/6/8/9 activation, PARP cleavage, PS exposure, mitochondrial permeabilization, and DNA fragmentation can be shared with other RCD modalities, and thus conventional apoptosis assays such as AnnexinV and TUNEL staining are not specific for apoptosis (98–104). That is not to say, however, that apoptosis is not an important mechanism of cell death upon CTL attack; in all likelihood, the mechanism of target cell death may be context-dependent, and subject to change based upon the characteristics of both the CTL and target cell populations.

One of the most notable non-apoptotic forms of RCD which can be engaged directly by CTL-derived lytic molecules is pyroptosis, a form of highly inflammatory RCD driven by gasdermin proteins (105). Gasdermins are expressed at baseline in healthy cells in an inactive conformation, wherein the C-terminal represses the pore-forming activity of the N-terminal; when gasdermin proteins are proteolytically cleaved and activated (e.g. by granzymes or by upstream caspases), the pore-forming N-terminal is liberated and translocates to the inner leaflet of the plasma membrane (106, 107). Here, gasdermin proteins assemble into multimeric pores that permeabilize the membrane, leading to cell swelling, membrane blebbing and ultimately catastrophic rupture of the plasma membrane (106, 107). Although relatively recently discovered, pyroptotic cell death has ancient origins: bacteria have been shown to express homologues of gasdermins that become lethal pore-forming toxins when released from constitutive inhibition by caspase-like proteases (108). Nonetheless, in humans, gasdermins are not universally expressed in either healthy or tumor tissue, and the presence or absence of these key executioner proteins remains a crucial determinant of a target cell’s ability to undergo pyroptosis (109).

As it pertains to cancer therapy, pyroptosis has been shown to be instrumental in promoting therapeutically beneficial anti-tumor immunity in the context of both chemotherapy and immunotherapy; however, excess pyroptosis can be associated with inflammatory side-effects (80, 81, 110, 111). Many cell-death inducing agents (including chemotherapeutics and cytokines) that were previously assumed to function through the induction of apoptosis have now been shown to actually activate pyroptosis in cells which express functional gasdermins (110–112) and crucially, many side effects of cancer therapy are observed in cell types and tissues that are particularly prone to pyroptosis (111, 113). Elucidating the cell death mechanism of different chemotherapeutic and immunotherapeutic approaches remains a pressing clinical need, and such an understanding will undoubtedly lead to greater clarity in predicting the efficacy and side-effects of different clinical approaches.

Multiple members of the gasdermin family can be activated by CTL-derived proteases (either directly or through upstream caspases) and compelling evidence has begun to accumulate for the role of pyroptosis in CTL attack (79–81). Specialized atomic force microscopy has revealed pores on the plasma membrane of patient-derived leukemic B cells after attack by CD19-recognizing CAR T cells (80). GSDME was subsequently identified as the pore-forming toxin, and its activation was shown to be granzyme-B-dependent; CAR T cell therapy was shown to induce GSDME-mediated pyroptosis in vivo (80). Other studies have also provided powerful evidence for GSDME-mediated pyroptosis in the clearance of tumors by CTLs and have demonstrated that granzyme B can directly cleave GSDME to release its active N-terminal domain, in addition to activating GSDME indirectly through caspase-3-mediated cleavage (81). CTL-derived granzyme A has been shown to cleave and activate GSDMB, which mediates highly inflammatory pyroptotic death in target cells (79). Inducing expression of GSDMB in target cells substantially increases susceptibility to granzyme A-mediated target cell pyroptosis in vitro and in vivo (79). The identification of non-apoptotic RCD modalities, which share important similarities with apoptosis but are driven by different molecular executioners, provides a natural explanation for “caspase-independent apoptosis” and other atypical patterns of target cell death observed anecdotally over the last several decades.

IFNγ represents another mechanism by which CTLs can directly modulate host cell death machinery. IFNγ has been shown to upregulate expression of cell death receptors (e.g. Fas and TNFR1) and pro-apoptotic mitochondrial regulators (e.g. Bak) within 1-4 hours, which sensitizes target cells to both intrinsic and extrinsic apoptosis (114). IFNγ also down-regulates genes involved in inhibition of apoptosis (e.g. Bcl2 and galectin3) as well as those involved in survival and cell cycling (e.g. CDK2) (115), skewing the intracellular signaling environment towards an anti-proliferative pro-apoptotic phenotype. CTL-derived cytokines including IFNγ and TNFα can prime target cells for pyroptosis through increased expression of gasdermin family members (79), and IFNγ priming substantially increases the vulnerability of cells to pyroptosis through the granzyme A- GSDMB pathway. Importantly, recent genome-wide CRISPR assays verified IFNγ -responsive genes as key components of the CTL resistance gene signature (116, 117), verifying the role of IFNγ as a central mediator of CTL toxicity. TNFα can also directly trigger GSDMC-mediated pyroptosis through the activation of caspase-8; PD-L1 in this circumstance has been shown to translocate to the nucleus and drive expression of GSDMC, which is cleaved by caspase-8 (112). Although this mechanism was not studied in the context of CTLs specifically, this new mechanisms of TNFα-induced cytotoxicity may prove relevant in the context of sustained CTL attack.



Irreversible Disruption of Cellular Functions and Homeostasis by CTL-Derived Cytotoxic Molecules

In addition to engaging cell death pathways directly, CTL attack also initiates a program of multi-organelle damage aimed at irreparably destroying core cellular functions and homeostasis. Mild deviations to intracellular homeostasis elicit a cellular stress response designed to re-establish homeostasis, while large deviations are injurious to the cell and may directly engage inflammatory and/or cell death pathways. The disruption of key cellular functions upon CTL attack, combined with the failure of defense mechanisms responsible for re-establishing homeostasis, are key elements of the successful CTL attack.

The program of granzyme-mediated damage to organelles has been characterized as a “post-caspase apoptotic pathway” (118) since it is not dependent upon activation of either initiator or executioner caspases. However, many granzyme-mediated cleavage events are not inherently lethal, and it requires substantial accumulated toxicity to overcome the reparative capacity of the target cell. While granzyme B is the only CTL-derived lytic molecule with direct proteolytic activity against caspases, other granzymes can participate in intracellular proteolysis events aimed at disrupting intracellular functions.

Substantial evidence has accumulated for damage to the nucleus following CTL attack, which cannot be attributed solely to caspase-3/7. Following perforation events, target cells display reduced nuclear envelop integrity, illustrated by leakage of nuclear-localized proteins into the cytoplasm after CTL contact (30), a process thought to be mediated by the caspase-independent cleavage of nuclear lamina proteins by granzyme A and B (119), as well as granzyme B-mediated cleavage of nuclear matrix proteins such as NuMA (120). CTL attack also disrupts nucleosome organization and condensation of chromatin through cleavage of histone proteins by granzymes; both DNA replication and repair are also inhibited through the inactivation of PARP1 (an early DNA damage sensor), Ku70 (involved in non-homologous end joining) and topoisomerase-1 (resolves DNA over-winding) by multiple granzymes (121–123). CTL attack can also initiate DNA fragmentation through proteolytic cleavage of ICAD/DFF45 by granzyme B and M, which releases the constitutively repressed endonuclease DFF40 (124, 125). Granzyme A can also activate the endonuclease NM23-H1 indirectly through cleavage and inactivation of its inhibitor (the SET complex); activated NM23-H1 generates single-stranded nicks in DNA, which is then further degraded by the SET complex-associated exonuclease Trex1 (126, 127). Clearly, CTL-derived lytic molecules have the capacity to inflict substantial damage upon the host nucleus; downstream activation of caspase-3/7 during CTL attack can also contribute to nuclear damage (128), and the two pathways likely converge to promote irrecoverable DNA destruction. The extent to which such damage is lethal depends not just on the extent of damage inflicted, but also upon the capacity of the tumor cell to recognize irrecoverable damage and initiate an appropriate RCD response.

CTL attack can also effectively disrupt cytoskeletal organization. For example, granzyme B mediates the cleavage of Rock II and α-tubulin (129, 130), which may affect the target cell ability to coordinate its defensive response.

CTL-derived granzymes also drive mitochondrial damage, ROS production, electron transport chain (ETC) interference, and disruption of mitochondrial membrane potential, through various mechanisms (71, 77). Granzyme A has been shown to directly induce mitochondrial damage and lead to ROS production through the cleavage of ETC complex I proteins, interfering with NADH oxidation and resulting in the production of superoxide anions (131, 132). Granzymes have been shown to penetrate the mitochondria in a Sam50-, Tim22-, and HSP70-dependent fashion, which facilitates their disruption of the ETC and resultant production of ROS (133).

IFNγ has demonstrated pro-apoptotic effects through induction of ROS and nitric oxide, though tumor cells are not universally susceptible to IFNγ-mediated cell death (134, 135). Interestingly, a recent study has highlighted the specific role of ferroptosis following IFNγ-induced oxidative perturbation upon CTL attack. Ferroptosis is a recently identified RCD modality characterized by lethal lipid peroxidation; the cell death process is caspase-independent, iron-dependent, and involves extensive lipid peroxidation leading to a fatal accumulation of toxic lipid peroxides and “biological rusting” of lipid membranes (76, 136, 137). Specific executioner proteins analogous to the proteases involved in apoptosis or the pore-forming proteins found in pyroptosis have not been identified; however, the main endogenous inhibitor of ferroptosis is glutathione peroxidase 4 (GPX4), which limits lipid peroxidation by reducing lipid hydroperoxides to harmless lipid alcohols (76). In the context of CTL attack, IFNγ was shown to sensitize tumor cells to ferroptosis by down-regulating the expression of SLC3A2 and SLC7A11, key regulators of cysteine homeostasis whose inhibition in turn leads to disrupted cysteine uptake and lipid peroxidation (82). A more recent study has provided important mechanistic insight into this process, implicating a cooperation between CTL-derived IFNγ and arachidonic acid in the induction of ferroptosis through the Acyl-CoA synthetase long-chain family member 4 (ACSL4) pathway (138). This reveals that CTLs can dramatically reprogram lipid metabolism in target cells through IFNγ, exploiting the accumulation of toxic lipid metabolites and the failure of lipid peroxide repair mechanisms to promote highly inflammatory target cell death (138).

The relative contribution of soluble lytic molecules versus SMAPs to intracellular damage upon CTL attack is currently unknown; interestingly, some proteases (such as caspase-1) display different substrate profiles at different concentrations (139) and thus it is conceivable that the substrate profile of granzymes might be changed when tightly complexed in a SMAP configuration. Likewise, the recently characterized multi-core granules may have different lytic molecule compositions than single-core granules, favoring specific types of intracellular damage (64). Further research will be required to understand the extent to which cellular localization and proteolytic activity of granzymes in SMAPs are different than the soluble monomers.




Cellular Defense Mechanisms Against CTL Attack

Given the breadth of injurious effects that cytotoxic molecules have within target cells, it is not surprising that tumors develop commensurate multi-pronged defense mechanisms to counter various arms of CTL attack and mimic the rhythm of CTL killing. Studies quantifying the proportion of lethal CTL/tumor cell encounters both in vitro and in vivo have collectively revealed that relatively few CTL/tumor cell interactions are lethal, even in the context of successful antigen presentation, CTL degranulation, and target cell perforation/calcium flux (Figure 1) (30, 37, 41). The ability of CTLs to successfully eradicate tumors may become even further reduced over time, as constant immune editing systematically removes more susceptible immunogenic cells and drives the clonal expansion of more resistant populations, restricting intratumor genomic diversity (140).

Broadly speaking, resistance mechanisms can be divided into two main categories. First are the inducible defense mechanisms, which are engaged specifically upon attack by an individual CTL (e.g. membrane repair upon perforation), and these can be subdivided into rapid and slow mechanisms. Secondly are the constitutive defensive properties (e.g. inactivating mutations in cell death proteins), which may be acquired or strengthened gradually at the population level as a result of immune editing over time, but which are assumed to be pre-existing upon the attack of an individual CTL. These are summarized in Figure 2.




Figure 2 | Tumor cells develop various escape mechanisms to survive CTL attack. These mechanisms can be divided into three categories: rapid, slow, and constitutive. Several examples of each category are outlined above.




Inducible Defense Mechanisms


Ultra-Rapid Defense Mechanisms

Ultra-rapid defense mechanisms are designed to neutralize cytotoxic molecules in the IS and to trigger the immediate engagement of membrane repair pathways in order to remove perforin pores from the membrane and limit the influx of granzymes. It has been shown that upon full activation of CTLs, perforin accumulates more readily on the membrane of sensitive target cells than melanoma cells, which is associated with decreased accumulation of granzyme B inside the tumor cell (141). Tumor-derived lysosomal cathepsins released into the IS can degrade soluble perforin (141), providing one mechanism for limiting the influx of cytotoxic molecules. In this way, tumor cells mimic some of the strategies adopted by CTLs to protect themselves from their own cytotoxic molecules (142), though it is worth noting that the role of cathepsins in protecting CTLs from bystander toxicity is not universally accepted (143). One mechanism for removing perforin pores once they have formed is the ultra-rapid Ca2+-dependent synaptic lysosomal/late endosomal (LLE) membrane repair pathway, which is engaged extremely rapidly (within seconds) upon CTL attack (44, 57, 141). Upon perforation, melanoma cell lysosomes are relocated towards the IS, and this exposure of lysosomes on the melanoma cell surface serves to remove the damaged membrane and reduce CTL-mediated cytotoxicity in a SNAP-23-depenedent manner (141). Deacidification of the lysosomal compartment effectively disables this defense mechanism (141). Importantly, this process of synaptic membrane repair is ultra-rapid and calcium-dependent; high spatio-temporal resolution single-cell imaging has demonstrated that a calcium signal propagates outwards from hotspots in the IS within milliseconds and that calcium chelation drastically increases CTL-mediated cytotoxicity by inhibiting synaptic repair mechanisms (57). In a similar scenario, actin remodeling has also been shown to mediate breast cancer cell resistance to NK cell-derived cytotoxic molecules (144, 145); in these studies, a live F-actin probe was utilized to demonstrate the massive accumulation of actin at the IS in resistant but not susceptible target cells and this synaptic actin accumulation occurred very rapidly (<2min) (144). Interestingly, the actin response persisted throughout the entire contact time between the NK cell and the tumor cell and dissipated following the detachment of the attack NK cell (144).

Release of exosomes from melanoma cells also constitutes a rapid tumor cell response to CTL attack; exosomes contain an array of different molecules that may modulate the activity of CTLs including PD-L1, which increases in exosomes upon exposure to IFNγ (146). Similar results have been obtained for colorectal cancers, wherein tumor-derived microvesicles were shown to be cytotoxic to CTLs through the FasL and TRAIL pathways (147). Given that tumor cells are able to polarize their actin and lysosomal exposure responses to the IS, it seems likely that the release of exosomes could also be directional, though this has not been definitely illustrated experimentally.



Slower Defense Mechanisms

In addition to rapid synaptic defense mechanisms, slower defense mechanisms are engaged within minutes to hours in order to attempt to re-establish homeostasis, remove damaged organelles, and promote recovery from sublethal CTL attack. For example, induction of autophagy (which degrades damaged organelles) has been shown to favor tumor cell survival upon CTL attack (148) and these results have been strongly supported by recent genome-wide CRISPR screens in vitro and targeted CRISPR screens in vivo (116). This study identified a core set of 182 target genes (out of 123,000 guide RNAs tested) that mediate melanoma cell resistance to CTL attack, amongst which autophagy genes were particularly enriched; it was subsequently confirmed that inhibition of autophagy either genetically or pharmacologically sensitized tumor cells to CTL attack (116). However, other studies have postulated that autophagy is required for the efficacy of CTL-mediated attack and that autophagy deficiency reduces tumor cell killing (149), highlighting the yet-unresolved complexity of autophagy in CTL attack.

It has also been shown using live-cell microscopy that nuclear integrity can be restored [potentially by membrane repair complexes such as ESCRT III (150)] in minutes to hours following leakage of nuclear-localized reporters into the cytoplasm in damaged cells, within a median time of 49 minutes post-contact (30). Furthermore, engagement of DNA repair complexes (as measured by 53BPI foci formation) occurs in a substantial number of CTL:target contacts, which can persist for several hours but ultimately resolve once repair is complete (30). These observations highlight how conserved cell-intrinsic repair mechanisms play a key role in defense against CTL attack and provide a mechanism for why sequential or simultaneous interactions with multiple CTLs increases the probability of overwhelming cellular repair mechanisms. Using mathematical modeling based on live-cell imaging, it has been estimated that the “damage half-life” is on average 56.7 minutes in vitro; further hits to an injured target within the repair window increase the likelihood of target cell defenses being overcome and CTL attack triggering target RCD (30).




Constitutive Defense Mechanisms

A fundamental limitation to the efficacy of CTL attack is that its arsenal converges upon target cell RCD. While granzymes can mimic certain aspects of executioner caspases, the CTL is dependent upon target cell machinery to sense and integrate the cell death signals, and then to ultimately execute the cell death process. This presents a formidable challenge in tumors since cancer cells are notoriously effective at hamstringing their own RCD machinery (151). For instance, in a comprehensive transcriptional study of 675 human cancer cell lines, pathway-based mutation aggregation demonstrated that the p53 pathway (a tumor suppressor upstream of intrinsic apoptosis that responds to intracellular stressors) was the most universally dysregulated pathway across cancer types (152) and these results were recapitulated in a genomic profiling cohort containing over 18,000 adult cancers (153). As p53 constitutes the major pathway for triggering apoptosis downstream of DNA damage, constitutive inactivation of this pathway curtails the ability of granzyme-mediated DNA damage to drive RCD.

Altered expression of both pro- and anti-apoptotic Bcl2 family members is also well-documented (154), and dysregulation of the microRNAs responsible for regulating these proteins has been demonstrated across multiple cancer types (154). Interestingly, a novel role for Bcl-2 has also recently been identified in the regulation of pyroptosis, wherein GSDMD-bound Bcl-2 prevents the GSDMD-activating cleavage event (155). Such observations highlight how multiple RCD modalities may be blocked simultaneously by the tumor and highlight opportunities for combination therapies (e.g. with Bcl-2 inhibitors) to remove the brakes on target cell RCD following CTL attack. Proof of principle for this has been demonstrated (156), illustrating that overcoming constitutive barriers to cell death is promising in the context of immunotherapy.

Tumors can also upregulate inhibitors of apoptosis proteins (IAPs) such as XIAP, IAP1 and IAP2, which serve to inhibit caspases through either direct means (e.g. blocking the substrate binding pocket of active caspases) or indirect means (e.g. targeting active caspases for proteosomal degradation) (76). XIAP for instance has been shown to be over-expressed in most cancer cell lines (157). Catalytically inactive homologues of caspases (e.g. FLIP family proteins) can also form heterodimers with initiator caspases, blocking their autoproteolytic activation (76). Upstream of this, death receptors such as Fas have been shown to be aberrantly expressed in multiple malignancies through mechanisms such as downregulation, internalization, or mutation (often in the cytoplasmic domain that facilitates death receptor complex assembly), thus conferring resistance to FasL, a prominent weapon in the CTL aresenal (158). Non-signaling decoy receptors (e.g. the FasL-mimicking decoy receptors DcR 1-3) and soluble decoy proteins (such as osteoprotegerin) are over-expressed in many tumor types and can further impede death-receptor signaling (159). Importantly, the Fas/FasL pathway requires functional host caspases, and inactivation of these apoptotic proteins effectively neutralizes FasL-mediated killing (160).

Of course, tumors also inhibit expression of both initiator and executioner caspases directly to prevent CTL-derived cytotoxic molecules from engaging the cell death machinery; caspase-8 and caspase-3 are within the top ten most mutated RCD proteins in cancer (157). Importantly, altered executioner caspase functionality may not only impact a cell’s ability to undergo apoptosis but also pyroptosis, since GSDME-mediated pyroptosis can be driven by active caspase-3 (110, 111).

By contrast, granule-mediated killing can circumvent the requirement for host caspases in some circumstances (128, 160), illustrating the importance of redundancy in CTL killing mechanisms as a way of circumventing RCD dysregulation in cancer. Unlike in Fas/FasL-mediated apoptosis, wherein all molecular features of apoptosis are caspase-dependent, mitochondrial depolarization, membrane blebbing, and cell lysis may still be observed during granule-mediated killing in the absence of one or more functional executioner caspases (94, 118, 128). Given that pyroptosis shares several of these molecular features with apoptosis, it is conceivable that cleavage of gasdermins by granzymes, which has been recently confirmed (79, 81), may be responsible at least in part for the progression of granule-mediated target RCD in the absence of functional caspases, potentially in cooperation with other granzyme substrates.

It is worth noting however that gasdermin family members are also inconsistently expressed and subject to silencing and mutation within tumors. For example, GSDMB is infrequently expressed in cancer cell lines, except those derived from gastric cancers (79). Furthermore, GSDMB expression in primary tumors is only partially correlated to its expression in healthy tissue; further profiling of tissue samples from 75 gastric and 80 esophageal cancers revealed that only 45% of gastric tumor samples and 55% were positive for GSDMB, despite virtually all of the corresponding healthy tissue sections showing robust GSDMB expression (79). As a further barrier to pyroptosis, GSDME is also repressed in the context of cancer; it has been shown to be detectable in only ~10% of human cancer cell lines (5 of 60 lines tested in the NCI-60 panel) (111). Although expressed in many healthy tissues, GSDME can be effectively silenced in the context of cancer by promoter methylation, and expression can be restored through a methyltransferase inhibitor (161). Mutation of gasdermin proteins is also observed in the context of tumorigenesis. For instance, interrogation of the TCGA database demonstrated that GSDME had a high prevalence of mutations, which were especially concentrated around the caspase-3 cleavage site; 20 of 22 cancer-associated GSDME mutations tested were shown to inhibit its function (81). Clearly, such repression and mutational burdens present a formidable barrier to the success of CTL-driven immunotherapies that rely upon pyroptosis in target cells; however, they also provide opportunities to increase susceptibility to killing through upregulation of gasdermins through strategies such as inhibition of promoter methylation (e.g. methyl transferase) or IFNγ pre-treatment. Unfortunately, however, the IFNγ pathway itself may be subject to dysregulation in cancer, thus curtailing CTL efficacy. A recent genome-scale CRISPR-Cas9 screen looking for targets whose inhibition increases sensitivity to CTL killing demonstrated that mutations in the IFNγ pathway confer a significant survival advantage to target cells (162). Other groups have shown that defects in IFNγ signaling confer resistance to anti-CTLA4 therapy (163).

Several studies have validated that perforin binding and pore formation is impaired on the surface of transformed cells (141, 164), and multiple mechanisms may contribute to this phenomenon. In addition to the degradation of perforin on the membrane by lysosomal cathepsins (141), which is an ultra-rapid resistance mechanism, constitutive properties of cancer cells may impair perforin pore formation. For instance, melanoma cells have been shown to have constitutively high membrane turnover (141), a mechanism that may provide dual protection not only against perforation from external pore-forming toxins (such as perforin) but also potentially against internal pore-forming executioner proteins (such as gasdermins). One must also consider how the altered plasma membrane properties of cancer cells may impair perforin binding and render tumor cells particularly refractory to perforation during CTL attack (164). On the other hand, it has been proposed that certain biophysical properties of cancer cells might enhance their susceptibility to CTL-mediated attack. It has been reported that myocardin-related transcription factors (MRTFs) overexpression rigidifies actin filaments, which renders targets more susceptible to CTL cytotoxicity (165).

Transformed cells, particularly migrating or metastasizing ones, are prone to membrane damage as a result of trafficking through the dense ECM, and as such they compensate through the enhanced expression of membrane repair proteins (such as Annexin2) that orchestrate membrane fusion and wound healing (166). Upon membrane injury, annexins facilitate the accumulation of actin at the wound perimeter, which is a crucial step in wound closure that has also been implicated in defense against CTL attack (166). It has further been demonstrated that the plasma membranes of cancer cells have unique phospholipid compositions that include a particular enrichment of externalized PS on the outer leaflet, which is enhanced under conditions of oxidative stress (167, 168); interestingly, exposure of PS on the surface of CTLs has been shown to trap perforin in a dysfunctional, non-pore-forming conformation and it has been speculated that the enrichment of PS on the tumor cell membrane may provide enhanced protection against perforin (169). Additionally, perforin is less capable of penetrating lipid bilayers that are rich in sphingomyelin and cholesterol (167, 169). Although not universally observed, an increase in plasma membrane cholesterol has been shown in a variety of cancers (167, 168). Given the sensitivity of perforin to target membrane composition (169), it is conceivable that a membrane composition that is suboptimal for perforin binding and pore formation provides an additional barrier to successful perforation by CTLs. Whether transformation-induced alterations to the plasma membrane lipid composition likewise make tumor cells more refractory to their own pore-forming RCD proteins such as gasdermins (which are also sensitive to lipid composition) remains to be determined.

As an additional protective mechanism, cancer cells are equipped to withstand a greater degree of disruption to intracellular homeostasis than can other cells, not only because the RCD mechanisms that would typically be engaged upon loss of homeostasis are constitutively disabled but also because pathways to support survival in suboptimal conditions are constitutively engaged (170). For instance, tumor cells express high levels of proteins with antioxidant functionality to help them withstand ROS damage (171). The master regulator of the antioxidant response, the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) and the antioxidant enzymes under its control (such as glutathione S-transferases and UDP-glucuronosyltransferases) can be constitutively activated in tumors through interactions with oncogenes such as KRAS and MYC (171). NRF2 is also mutated in a variety of cancers, leading to constitutive stabilization of the transcription factor in the nucleus (172). Such adaptations severely undermine the ability of CTL-generated ROS to exert lethal effects upon tumor cells.

The autophagy network is also crucial for integrating stress signals, recycling damaged organelles, and driving cell death in the event that intracellular stress exceeds the reparative capacity of the autophagic network; however this network is highly perturbed in tumorigenesis through mutation and dysregulation of autophagy genes, which promote cell survival under suboptimal circumstances (170, 173). Constitutively elevated levels of autophagy are observed in many cancers, and it has been shown that following exposure to otherwise-lethal stress, cancer cells can utilize their enhanced autophagic capabilities to shrink into a state of reversible dormancy, rather than dying in response to extreme stress (151, 174). Autophagy is also crucial for the removal of damaged organelles, such as ROS-producing mitochondria, and thus enhanced autophagic capacity of some tumor cells confers a formidable survival advantage (170). The ability to withstand extreme intracellular stress without dying presents a formidable obstacle to the successful eradication of target cells by CTLs. Furthermore, activation of autophagy in tumor cells has been shown to protect against lytic granule attack through multiple mechanisms in vitro and in vivo, including the direct autophagic degradation of NK -derived granzyme B in the lysosomal compartment, ultimately impairing target cell lysis (148, 175). When intracellular signaling pathways are constitutively skewed towards survival (even at the expense of genetic stability and intracellular homeostasis), a CTL faces formidable resistance even in the context of successful antigen presentation and degranulation.

Beyond this, tumor cells express constitutively high endogenous levels of serine protease inhibitors (SERPINS) such as serine protease inhibitor 9, (PI-9) which inhibits proteolytic activity of granzyme B and is associated with poor outcome and response to immunotherapy in melanoma (176–179); importantly, expression of PI-9 has been shown to increase in tumor cells in response to IFNγ, increasing the challenge posed during CTL attack (180). Recent CRISPR-Cas9 screens have validated targets such as Serpinb9 as mediators of CTL resistance (117).

The challenge of both slow and constitutive defense mechanisms is that these mechanisms are often the same ones that provide enhanced resistance to conventional therapies such as chemotherapy and radiation, and in fact the kinetics of repair following CTL attack closely agree with recovery times following other types of physical or chemical damage (30). This indicates that although CTLs have many ways of promoting target cell RCD, they face many of the same formidable barriers as conventional therapies. While this may be perceived as a limitation, it is also an opportunity for combination therapy to additively overcome cell defense mechanisms using classical therapies along with immunotherapy approaches.

Moreover, while chemotherapy and radiotherapy tend to activate a limited range of RCD pathways, CTLs are capable of circumventing blockades of any individual cell death pathway; a target cell that is highly resistant to apoptosis, for example, may still be effectively killed by one of the five different pyroptosis pathways that may be engaged in sequence or in parallel during CTL attack. For instance, it has been shown that caspase-3-deficient cancer cells are still vulnerable to CTL-mediated RCD through alternative mechanisms, though certain elements of the cell death phenotype (e.g. DNA fragmentation) are lost (94).

The characterization of these defense mechanisms is of immense clinical importance, due to the significant population of patient non-responders to cancer immunotherapy. Above and beyond this, there is an accumulating body of literature to suggest that failed apoptosis, and more specifically failed CTL or NK cell attack, can actually benefit the cancer cells, promoting migration, metastasis, acquisition of stem cell-like features, and increased tumor aggressiveness (181, 182). Failure to kill target cells specifically can lead to prolonged hypersecretion of proinflammatory cytokines by CTLs that fail to detach from a resistant target, increasing the probability of inflammatory side-effects (31). As such, the ability to identify resistance mechanisms to immunotherapy and prevent failed CTL attack is a pressing clinical need. While successful checkpoint inhibitor strategies have brought immense optimism to the field of immunotherapy by “releasing the brakes” on CTLs, even a fully activated CTL still faces immense challenges in initiating cell death in an environment biased towards tumor cell survival.




Concluding Remarks

Going forward, it will be important to bear in mind several principles regarding heterogeneous CTL attack modalities and target cell resistance to CTL. Firstly, given the plethora of cellular defense mechanisms faced by CTLs attacking tumor cells, it is likely that a tailored immunopharmacological approach may be required clinically to sensitize target cells to CTL attack; alternatively, non-cellular delivery approaches that circumvent CTL-specific defense mechanisms (e.g. SMAPs) and might be equipped “ à la carte” with different cytotoxic weapons are worth investigating. Although CTLs are equipped with a truly impressive array of diverse weaponry, tumor cells retain sophisticated defense mechanisms for evading attack on both the ultra-rapid, slow, and constitutive time scales, such that even in the context of effective antigen presentation and target recognition, the CTL attack may be blunted.

Secondly, the evidence in the literature for non-apoptotic target cell death following CTL attack is accumulating to the point where it is difficult to justify the continued use of “apoptosis” indiscriminately as a synonym for target RCD. Recent research in oncology has provided unprecedented insight into the profound implications of pyroptosis in cancer development and treatment [extensively reviewed elsewhere (183)]. It is likely that cell death modality is heterogeneous, dependent upon the properties of both the CTL and tumor cell populations; it has been suggested that depending upon the diversity of cell death executioner molecules expressed, different target cells may respond very differently to attack by identical CTLs (79), a phenomenon which only increases in complexity when we also consider the heterogeneity on the CTL side of the synapse.

It is important to consider that target cell death may simply resist categorization into a single cell death modality. Given the plethora of different pathways activated during CTL attack, it is likely that target cell death combines elements of different modalities, an observation that has already been noted in other studies wherein RCD is chemically induced (98, 100, 104, 184). In a physiological system such as CTL attack wherein the attack mechanism is multimodal, this is even more likely to be true. As such, it may be informative to remove the preconception that target cell death should adhere to the prescribed set of morphological and molecular characteristics that define a given cell death modality, and instead embrace the full complexity of the intracellular response to the attack of heterogeneous cohorts of CTLs. Such a perspective would comfortably accommodate earlier observations in the field of target cell death that combined both apoptotic and non-apoptotic features.

Lastly, it is important to acknowledge that each cell death modality is associated with its own regulatory and resistance mechanisms, and as such broadening our understanding of target cell death mechanism during CTL attack may help to uncover previously underappreciated resistance mechanisms and therapeutic targets. In the current era of immunotherapy, there is an urgent need on the one hand to potentiate cell-mediated and cell-free mechanisms of cytotoxicity, and on the other hand, to understand the mechanisms of resistance ranging from synaptic defense to cell death resistance in order to address unmet clinical needs.
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NK cells are key mediators of immune cell-mediated cytotoxicity toward infected and transformed cells, being one of the main executors of cell death in the immune system. NK cells recognize target cells through an array of inhibitory and activating receptors for endogenous or exogenous pathogen-derived ligands, which together with adhesion molecules form a structure known as immunological synapse that regulates NK cell effector functions. The main and best characterized mechanisms involved in NK cell-mediated cytotoxicity are the granule exocytosis pathway (perforin/granzymes) and the expression of death ligands. These pathways are recognized as activators of different cell death programmes on the target cells leading to their destruction. However, most studies analyzing these pathways have used pure recombinant or native proteins instead of intact NK cells and, thus, extrapolation of the results to NK cell-mediated cell death might be difficult. Specially, since the activation of granule exocytosis and/or death ligands during NK cell-mediated elimination of target cells might be influenced by the stimulus received from target cells and other microenvironment components, which might affect the cell death pathways activated on target cells. Here we will review and discuss the available experimental evidence on how NK cells kill target cells, with a special focus on the different cell death modalities that have been found to be activated during NK cell-mediated cytotoxicity; including apoptosis and more inflammatory pathways like necroptosis and pyroptosis. In light of this new evidence, we will develop the new concept of cell death induced by NK cells as a new regulatory mechanism linking innate immune response with the activation of tumour adaptive T cell responses, which might be the initiating stimulus that trigger the cancer-immunity cycle. The use of the different cell death pathways and the modulation of the tumour cell molecular machinery regulating them might affect not only tumour cell elimination by NK cells but, in addition, the generation of T cell responses against the tumour that would contribute to efficient tumour elimination and generate cancer immune memory preventing potential recurrences.
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Introduction

Natural killer (NK) cells are effector cells of the innate immune system that play a key role in the control of intracellular pathogens and tumours, especially against those that evade adaptive immunity by interfering with MHC-mediated antigen presentation (1). Indeed, unlike its counterparts in the adaptive immune system, cytotoxic CD8 T cells, NK cells preferentially eliminate cells that have downregulated MHC expression. NK cells sense their environment through both cytokine receptors and germline-encoded activating and inhibitory receptors specific for endogenous danger or pathogen signals. Cytokine receptors are mainly involved in NK cell proliferation and acquisition of functional molecules (including receptors and cytotoxic and immunoregulatory molecules) and trafficking to inflamed tissues where they will search for affected cells; while activating and inhibitory receptors modulate NK cell activation and recognition and elimination of target cells, which will be the main focus of this review.

NK cells are professional killer cells that recognize and rapidly destroy cells that are dangerous to the host, like stressed, infected, or transformed cells, contributing to viral and cancer immune surveillance (2, 3). NK cells are a heterogeneous and plastic population acquiring different phenotypes and functions depending on the tissue context and signalling cues they are exposed to. In general, human NK cells are phenotypically identified by the expression of CD56 in the absence of CD3 (4, 5).

Human NK cells are mainly classified into CD56Bright and CD56Dim subsets based on cell-surface CD56 density and their cytotoxic potential; these subsets differ in function, phenotype, and tissue localization. CD56Dim subset represents more than 90% of peripheral blood NK (pNK) cells and expresses high levels of the cytotoxic molecules perforin and granzyme B as well as the activating CD16 IgG Fc receptor and different members of killer Ig-like receptors (KIRs). They are highly cytotoxic and also produce cytokines after recognizing activating ligands expressed on target cells. In contrast, the subset of CD56Bright NK cells is rare in blood and preferentially reside in secondary lymphoid organs, such as lymph nodes, and express low perforin, granzyme B and killer Ig-like levels receptor, responding with strong cytokine and chemokine production to soluble factors (6, 7).

Despite this heterogeneity, NK cells are still mainly recognized by their ability to kill infected and transformed cells, a process known as NK cell-mediated cytotoxicity. Activation of NK cell-mediated cytotoxicity is controlled by the balance between inhibitory and activating signals transduced by several inhibitory and activating receptors specific for pathogen and/or host cell derived ligands (1–3). Once NK cells are activated and recognize the target cell, they will make use of an arsenal of molecular mechanisms capable of executing target cell death. The main mechanisms involved in NK cell-mediated cytotoxicity are the granule exocytosis pathway (perforin/granzyme) and the expression of death ligands (8), which have been traditionally described to activate apoptotic target cell death. However, more recent, indirect evidence suggests that other types of programmed cell death could be induced by NK cells like necroptosis or pyroptosis, leading to enhanced inflammatory responses (9). The final consequence of this process is not only the elimination of the target cell, but in addition, depending on the way how target cells die, it will modulate secondary adaptive immune responses that will further enhance pathogen or tumour elimination (9). This review will present and discuss the key mechanisms used for NK cells to regulate and induce cell death in three parts (Figure 1): 1- signals required to recognize the target cell and activate the NK cell intracellular cytotoxic machinery; 2- the role of different cell death pathways activated in the target cells during NK-cell mediated killing and 3- the emerging evidence on how cell death induced by NK cells might be a novel immunoregulatory mechanism linking innate and adaptive immune responses.




Figure 1 | Overview of the execution and functional consequences of NK cell mediated cytotoxicity. Target cell recognition through NK cell receptor-ligand interaction and formation of the immunological synapse with a pro-activating signals balance promote NK cell activation. Upon activation, NK cells exert their effector functions, granule exocytosis, or expression of death ligands, inducing target cell killing by regulated cell death (apoptosis, necroptosis, or pyroptosis). Target cell death generates Danger Associated Molecular Patterns (DAMPs) and releases tumour antigens, which induces adaptative immune system activation.



For reasons of clarity and length, in this review, we will focus on the main mechanisms involved in the cytotoxic function mediated by NK cells and their biological relevance, without analyzing the function of these mechanisms in other cells that present similar effector molecules such as CD8+Tc cells. Other excellent reviews have presented a more general view of some of these mechanisms, not only focused on NK cells (8, 10–13).



First Act: Judges and hangmen in NK Cell-Mediated Cytotoxicity


Specific Receptors Dictate the Killing of Target Cells

As mentioned, NK cells present a complex germline-encoded system of inhibitory and activating receptors that help them sense microenvironmental changes due to infection or transformation, some of them related to the activation of cellular stress pathways(Figure 1) (14). The best characterized families for these receptors are NKG2 (NK group 2), KIR (killer Ig-like receptor), the structurally related proteins ILT/LIR (Ig-like Transcripts/leukocyte immunoglobulin-like receptor) and the natural cytotoxicity receptors (NCRs). NKG2 and KIR families are comprised of inhibitory and activating members that recognize host cell proteins, including stress ligands (NKG2D) and HLA class I molecules (NKG2A, NKG2C, ILT/LIR and KIR); while NCRs (NKp30, NK44, NKp46 and NKp80) are mostly activating receptors that recognize a broad range of pathogen and host-derived structurally diverse ligands (2). Some recent evidence indicate that some splice variants of NCRs, specially of NKp44, might work as inhibitory receptors (15, 16). The main activating and inhibitory receptors as well as their ligands are summarized in Figure 2. A more detailed description of these families is out of the scope of this review as it has been the topic of excellent recent reviews (17–19).




Figure 2 | The major activating and inhibitory NK cell receptors and their ligands on target cell. The NK cell activation is mediated by the balance of activating and inhibitory signals that can trigger NK cell effector functions. NK cell receptors families are displayed (NKG2, KIR, NCR and Immune checkpoints) as well as CD16 and DNAM1 activating receptors. Each receptor is represented showing their immunoglobulin-like or lectin-like extracellular domains, its oligomerization (NKG2D homodimer, NKG2A and NKG2C heterodimer with CD94), its associated adapter (DAP10, DAP12 or CD3ζ/FcϵRIγ), and their intracellular signalling domains if applicable. Intracellular activator domains (green) ITAM and YINM promote positive activation signals, represented by a plus sign, and inhibitory domains (red) ITIM, KIEELE and ITISM trigger inhibitory signals represented by a minus sign. The major ligands of each receptor are represented.



The typical structure of a NK cell receptor is an immunoglobulin-like or c-type lectin-like extracellular domain, a transmembrane domain that promotes clustering, and, some of them, mostly activation receptors, adapter proteins to signalling including CD3ζ, the Fc receptor common gamma-chain, DAP10 or DAP12. Activating receptors deliver a strong intracellular cue resulting in rapid and transient phosphorylation of the Immunoreceptor Tyrosine-based Activation Motif (ITAMs). This signal functions as ‘on and off’ switches that links the receptors to their intracellular signalling machinery working as temporal scaffolds for Src homology 2 (SH2) domains of downstream effector molecules. In the inhibitory receptors, the phosphorylated tyrosine-based inhibitory motifs (ITIMs) act as docking sites for recruiting the SHP-1 protein tyrosine phosphatase, preventing cellular activation (8).

Besides all these NK cell receptor families, other receptors have important implications in the activation of NK cell cytotoxicity. From all of them, it is worth mentioning CD16 (FCγRIIIa), the low-affinity receptor for the IgG1/3 Fc domains, with strong positive signalling in NK cells that enables the characteristic antibody-dependent cell-mediated cytotoxicity (ADCC) (20, 21). CD16 has been reported to be the most potent activating receptor of NK cell mediated target cell killing triggering degranulation (22). Other receptors like members of the SLAM family seems to be more involved in the regulation of NK-target cell adhesion than in a direct regulation of cell degranulation (23).

Thus, the balance between the intracellular signals triggered by activating and inhibitory receptors after they bind their respective ligands on target cells will dictate the activation of the intracellular cell cytotoxic machinery and the execution of the target cell. This process is triggered after the formation of a supramolecular signalling structure on the contact zone between NK and target cells known as NK cell immunological synapse (IS).



The NK Cell Immunological Synapse Triggers the Cytotoxic Machinery

NK cell effector functions require a direct tight contact with target cells, ensuring their specific and efficient elimination. Target cell binding by receptor-ligand interaction and execution of the effector function occurs within the IS, where the stimuli triggered by NK cell receptors are integrated, resulting in a highly polarized response (24). The prototypical NK cell IS is performed through a linear sequence of required events: recognition, initiation, effector and termination. The initial stage of the immunological synapse is NK cell-target cell interaction by a receptor arbitrarily distributed over the NK cell surface, followed by establishing a strong association by adhesion molecules, mainly LFA-1 integrin (25). LFA-1 is essential due to the promotion of actin reorganization in NK cells (26). Actin polymerization and polarization are controlled, besides LFA-1, by ITAM and ITIM domains in adhesion, activating and inhibitory receptors. In the absence of prevailing inhibitory signals that can arrest progression to the effector stage, actin reorganizations mobilize the microtubule-organizing center (MTOC) to the immunological synapse while recruiting the lytic granules generating a highly polarized response (24). Then the cytotoxic granules are fused with the synaptic membrane through a process driven by SNARE family proteins like SNAPs and VAMPs (27). Synaptic cleft acts as a protective pocket, increasing lytic effector molecule concentration on target cells while protecting neighbouring cells from potential uncontrolled damage. Finally, detachment is necessary to allow cytolytic recycling of NK cells (24).



The Main Executors of NK Cell-Mediated Killing

Upon activation, NK cells can kill target cells through two complex mechanisms: the release of cytotoxic granules containing perforin, granzymes and granulysin (the last only in humans), and via death ligands, such as Fas ligand (FasL), and TNF-related apoptosis-inducing ligand (TRAIL), (Figure 3) (28).




Figure 3 | NK cell cytotoxicity is mediated by the release of cytotoxic granules and death ligands. Cytotoxic granules secretion containing perforin induces pore formation, allowing internalization of granzyme (gzm). Gzm initiates apoptosis cleaving intracellular substrates such as effectors caspase-3 and caspase-7. In addition, gzmB can cleave the BH3-only protein Bid to generate the truncated t-Bid or the anti-apoptotic protein Mcl-1 to release Bim initiating the mitochondria outer membrane permeabilization (a process known as MOMP), the release of cytochrome c and other proapoptotic factors promote the formation of the apoptosome, caspase 9 activation, and the full activation of caspase-3 and -7 to execute the apoptotic process. Gzms and Caspases can also cleave and activate gasdermins (GSDMs), linking apoptosis to pyroptosis or directly activating pyroptosis. Membrane or soluble death ligands (TNF-α, FasL and TRAIL) can induce cell death through their death receptor (TNFR1, Fas, and DR4/DR5, respectively). Ligand-receptor interaction generates receptor trimerization and its intracellular death domains clustering inducing Complex I (CYLD, TRAF2, cIAP1/2, TRADD, RIP1) formation in the case of TNFR1. RIP1 de-ubiquitination induces Complex IIa formation. However, Fas or TRAIL death ligands trimerization promotes the death-inducing signalling complex (DISC) formation, which is similar to Complex IIa in conformation and performance. In the DISC or Complex IIa, Caspase-8 auto-cleaves leading to apoptosis pathway (involving Bid and/or caspase-3), while caspase-8 inactivation induces Complex IIa transformation in IIb, which drives phosphorylated-RIP3 and MLKL ion pore-forming, resulting in ion disbalance and necroptosis cell death.



Human NK cells present specialized cytosolic granules that contain several cytotoxic proteins, including the pore-forming proteins (perforin, granulysin) and a family of serine proteases called granzymes (gzm): 5 in humans (A, B, K, M, and H) and 10 in mice (A, B, C-G, K, M, N). Gzm enzymatic activity is maximal at neutral pH, and like most proteases, gzms are synthesized as inactive zymogens (proenzymes) that must be proteolytically processed in order to become enzymatically active. All known gzms contain an inhibitory dipeptide and a N-terminal signal peptide that directs it to the endoplasmic reticulum (ER) (28, 29). The signal peptide is cleaved off, resulting in the proenzyme, which is then modified in the cis compartment of the Golgi apparatus by the N-acetylglucosamine-1-phosphodiester α-N-acetyl-glucosaminidase with a mannose-6 phosphate (M6P) moiety to provide a sorting signal that directs gzms to the secretory granules via the M6P-receptor (30). Once in the granule structures, M6P may be removed due to the acidic environment (pH 5.5) (31). M6P-independent pathways of sorting of gzms to granules have been described, which might involve other molecules like the proteoglycan Serglycin, although the detailed molecular mechanisms remains unclear (30, 32). Intringuingly these works found that sorting of GzmA to granules is differentially affected by Serglycin deficiency in comparison with sorting of GzmB, suggesting that trafficking and/or sorting of gzms to granules is a more complex process than previously though. Once in the granules, the cysteine proteases cathepsin C or cathepsin H remove the inhibitory dipeptide to produce the mature and enzymatically active proteases. Similar to CD8+Tc cells, different studies, mainly using mouse NK cells, have confirmed the role of cathepsin C or H in the generation of active gzms NK cells (33–37). Indirect evidences, using a drug that downregulates cathepsin C expression, all-trans retinoic acid, also suggest a role for cathepsin C in the activation of gzmB in human NK cells, albeit confirmation using a more specific experimental approach will be required (36). Gzms are then stored in their active form mainly associated with the proteoglycan serglycin that might act as scaffold, binding granule components to form an insoluble complex visualized as the granule core. In mouse models it has been demostrated that serglycin plays important roles in different granule-associated functions like maturation of dense-core cytotoxic granules or the trafficking and storage of perforin and gzms. In addfition, it might prevent self-damage due to the cleavage of host cell proteins (30, 32, 38). Although a direct role of serglycin in granule secretion has not been shown in human Tc/NK cells, gzmB-serglycin complexes have been identified in granules of human NK cells (38). In addition, the low pH limits gzm activity inside the granules (30, 38).

A study using mass cytometry to profile the expression of cytotoxic molecules in peripheral blood mononuclear cells found that human NK cell subsets have differential expression of cytotoxic molecules: CD56Bright NK cells showed low gzmB,perforin and high gzmK expression. In contrast, CD56Dim NK cells showed high gzmA, B and perforin and low gzmK expression (39). Other studies by flow cytometry indicated that CD56Dim cells have at least ten times more perforin and gzmA than CD56Bright ones (40, 41). However, these results might depend on the pathology and the tissue where they were gathered since it was recently shown that CD56Bright cells in the synovium of osteoarthritis patients express high levels of gzmA, similarly to those found in synovial CD56Dim NK cells. In contrast, the level of gzmB in synovial CD56Bright cells was significantly lower than in synovial CD56Dim NK cells (42). The high expression of gzmA in the non-cytotoxic CD56Bright subset supports recent findings indicating that gzmA is involved in processes unrelated to cell-mediated cytotoxicity, like the regulation of the inflammatory responses and extracellular matrix remodelling (8, 13, 43–48).

In contrast to gzms, that are expressed by different immune cell populations, including cytotoxic and non-cytotoxic cells (44), perforin is uniquely expressed in cells with cytotoxic potential such a NK cells. It is a glycoprotein that, in the presence of calcium, has the ability to insert into lipid bilayer membranes, polymerize and form structural and functional pores allowing gzms delivery into the target cell. Perforin deficient mice are more sensitive to tumour development, including NK-cell sensitive tumours (10, 12, 44). In contrast the role of NK cell-associated gzms in the control of tumour development is still not clear. Some studies have found that gzmA/B KO mice are more susceptible to NK-sensitive tumours than wt mice, while others have found no difference (49, 50).

As indicated above other molecules within cytotoxic granules, like serglycin, regulate the cytotoxic function of perforin and gzms. Recently, it has been described in human NK and CD8+Tc cells that the release of perforin and gzmB is performed in approximately equal amounts of soluble and stable complexes, called supramolecular attack particles (SMAPs) which were composed of a core shell structure and were assembled in the dense secretory granules before release (51, 52). The SMAPs, that were found in both human CD8+Tc and NK cells, consist of a core of gzms, perforin and serglycin proteoglycans, and galectin-1 surrounded by a glycoprotein shell that includes Thrombospondin 1 (TSP-1), a Ca2+-binding glycoprotein (52). It is notable to point out that these studies have been performed in human cells. When the content of lytic granules is released into the IS, the subsequent uptake of gzms by the target cell through pores generated by perforin initiates the death program that will eventually lead to cell elimination. The gzm and perforin complexing within SMAPs may offer a mechanism to increase localized perforin concentrations in target cell membranes or prevent toxic proteins from leaking out of the synaptic cleft. Although alternative models have been proposed, such as the internalization of the gzm–Prf–Srgn complexes in endosomes (53, 54).

More recent experimental evidence indicate that perforin-mediated pore formation on the target plasma cell membrane is the key event for the intracellular delivery of gzms (55–57). Although perforin-independent cytotoxic functions of gzms have been described, their relevance during NK cell-mediated target cell killing is not clear and will not be discussed here (44).



Death Ligands

In addition to NK cell-mediated killing by cytotoxic granules, activated NK cells can induce cell death in target cells through activating the death receptor pathway. Here a protein, known as death ligand, produced by the effector cell binds to the respective receptor expressed on the target cell membrane triggering target cell death. NK cells express different death ligands with potential cytotoxic activity like TNFα, Fas ligand (FasL), and/or TRAIL. However, from all of them, only FasL and TRAIL have been shown to act as direct cytotoxic molecules during NK-cell mediated cell killing in humans and mice. The use of one or more ligands by NK cells seems to be influenced by the susceptibility of the target cell and/or the stage of NK cell maturation and/or activation (58, 59).

These ligands belong to the TNF family and are naturally expressed by immune cells, including NK cells, granulocytes, monocytes, T cells, B cells and dendritic cells, among others (60). They are transmembrane proteins that can be proteolytically cleaved and released in a soluble form or forming part of microvesicles (61–67). In contrast to soluble FasL that does not present bioactivity, both soluble TRAIL and TNF-α mediate different biological activities including killing of cancer cells (68). Death receptors are type I transmembrane proteins with extracellular domains rich in cysteine and a 80-amino acid conserved sequence in the cytoplasmic domain called death domain (DD). When the ligands are bound to their receptors, DD induces receptor trimerization and recruitment of Fas-associated death domain (FADD)/caspase-8 complex, which triggers cell death (Figure 3). In addition, to activate different cell death modalities, depending on the composition of the signalling complexes formed after ligand-receptor interaction, some of these receptors can activate the NF-kB pathway involved in pro-survival signalling, proliferation and/or cytokine production, depending on the composition of the signalling complexes formed after ligand-receptor interaction (69–72).

TNFα is a type II transmembrane protein that is cleaved and released as a soluble form after processing by TNF-α-converting enzyme (TACE), that mediates its biological activity by binding to TNF receptor 1 (TNF-R1 or DR1) and TNF receptor 2 (TNF-R2). TNF-R1 is classified as a death receptor since it possesses a DD, so it can trigger cell death under certain conditions, whereas TNF-R2 lacks a DD and belongs to the non-death receptor group of the TNF receptor superfamily (TNFRSF).

FasL (CD95L), a type II transmembrane protein, is expressed in NK cells and interacts with DR2 (Fas or CD95) and DcR3 (73, 74). DcR3 inhibits FasL/Fas activity, thus acting as a fake receptor (75). However, when FasL binds to Fas, it starts the clustering of the receptor leading to cell death. TRAIL, as FasL, is a transmembrane protein type II and modulates the immune response (76). TRAIL can bind to three decoy receptors: DcR1(TRAIL-R3), DcR2(TRAIL-R4), OPG, and two DR: DR4 and DR5. TRAIL is known to induce apoptosis in transformed cells while sparing the non-transformed ones (77, 78).

In addition to their role in regulating peripheral tolerance and immune cell homeostasis, FasL and TRAIL have been shown to contribute to NK-cell mediated cell killing and tumour immunosurveillance in mice and humans (3, 58, 59, 73, 79, 80).

As indicated above, the use of TNFα by NK cells as a molecule with direct cytotoxic capacity against cancer cells is not clear. However, it has been shown to modify the cancer cell susceptibility to NK cells by modulating the expression of molecules involved in target cell recognition and IS formation like members of ICAM family (81, 82).



NK Cell Effector Function Dynamics

As mentioned above, NK cell cytotoxicity is mediated by the directed release of preformed cytotoxic granules and the expression of death ligands that activate their respective death receptors on the surface of the target cells. Although it is clear that NK cells can use both pathways to kill tumour cells in vitro, the relative contribution of each mechanism to the elimination of target cells and during tumour immunosurveillance in vivo is still not clear, and likely dependent on the sensitivity of tumour cells to each mechanism (83). Former studies in perforin deficient mice showed that perforin is the main executor of NK-cell mediated cell killing and cancer immunosurveillance (10, 49, 50, 84–86). However, later on, it was shown that TRAIL is required for the control of tumour metastasis (87) and, more specifically, it contributed to NK cell-mediated control of cancer metastasis (79, 88). Regarding FasL, indirect evidence using tumour cells expressing inhibitors of the death receptor pathway like CrmA (a cowpox protein) or FLIP, suggested that FasL was also involved in NK cell-mediated tumour immunosurveillance (89, 90). However, in this case, it could not be differentiated between FasL and TRAIL since CrmA and FLIP overexpression blocks both pathways.

More recently, it has been proposed that these two distinct cytotoxic mechanisms were shown to act on different time scales, with rapid granule-mediated cell death and slower death ligand-induced cell death. Indeed, it has been shown that the contribution of perforin and death ligands to NK cell-mediated killing might be related to the ability of a single NK cell to kill more than one target cell, a process known as serial killing (91–93). Indeed, Deguine et al., using intravital microscopy demostrated that NK cells form transient contacts with tumor cells, compared with the more stable contact of Tc cells, allowing NK cells to establish multiple contacts over short periods favoring the serial killing capacity that has been described in vitro (94). A similar result was obtained by Halle et al. using a model based on Tc cell-dependent cytotoxicity, confirming that the serial killig capacity of NK cells is more pronounced than that of Tc cells (95).

After target cell death, the locally attached NK cell can disengage and subsequently mediate additional killing events of neighbouring target cells (91, 93). The two mechanisms (cytotoxic granules and death receptor-mediated killing pathways) are coordinated and regulated during the serial killing activity of NK cells. It was shown that NK cells contained an average of 200 cytotoxic granules and released about 10% of their total granules in a single killing event. They require about 1% of cytotoxic granules to kill a target cell, suggesting that NK cell cytotoxic granules are highly efficient and that NK cell do not release their entire lytic granule reserve onto a single target cell allowing NK cells to perform serial killing of multiple target cells. However, not all NK cells have the serial killing capacity, being about the 10% of the entire NK cell population responsible for 30% of target cell death (93, 96). Although death receptor signalling is possibly initiated simultaneously with granzyme activity, the fast and efficient granule-mediated cell death is likely dominant in the initial stages over the slower death receptor pathway (97). Only after increasing concentrations of surface death ligands accumulate on the NK cell membrane, it becomes more prominent so that the final kill events are dominated by death receptor stimulation. In other words, for their first killing events, NK cells almost exclusively use the granule-mediated pathway, resulting in a swift and efficient killing of target cells. After losing some of granule content and increasing surface Death Ligands, NK cells switch from granule to death ligand-mediated cytotoxicity. The complementary action of death ligands and cytotoxic granules, co-expressed at varying levels among individual NK cells, could facilitate the lytic action of even poor perforin/gzm-expressing NK cells. They can synergize, be additive, or act complementarily (97). Thus, it is possible that under specific conditions where perforin cannot act like genetic deficiency (perforin KO mice or human type 2 FHL) or in cancer cells with perforin resistance, death ligands would contribute to NK cell-mediated cancer control. In addition, the expression of intracellular inhibitors that might regulate the susceptibility of cancer cells to granule exocytosis and/or death receptor pathways will dictate whether the contribution of each pathway to NK-cell mediated tumour cell killing and cancer progression.




Second Act: The Execution Phase or how Target Cell Undergoes NK Cell-Mediated Programmed Cell Death

Most studies analysing target cell death pathways activated by perforin/granzymes or death ligands have been performed using purified recombinant or native proteins and, in some cases validated mainly using CD8+Tc cells. These seminal studies have been key to properly understand the role of cell-mediated cytotoxicity and programmed cell death pathways in pathogen and tumour control. However, when extrapolating these findings to NK cell-mediated cytotoxicity, it should be taken into account that the precise expression of effector molecules and how they are activated during NK cell-mediated elimination of target cells might influence the cell death pathways activated in the target cells. In addition, as indicated above, the cytotoxic mechanisms that NK cells use to trigger tumour cell death cannot be viewed as independent events. For example, it is known that the different cell death pathways that are activated by these mechanisms such as apoptosis, necroptosis or pyroptosis interact with each other. On the other hand, apoptosis has been described as non-immunogenic canonical cell death due to the formation of apoptotic bodies that enclose intracellular content, while pyroptosis and necroptosis have been described as immunogenic programmed cell deaths, resulting in the spillage of cellular content, like necrosis that is an unregulated form of cell death mainly caused by cell injury or trauma. In addition, granule exocytosis might regulate the susceptibility to death receptors and vice versa.

Next, we will discuss the main cell death pathways that have been described to be activated by granule exocytosis and death ligands although since the information regarding NK cells is scarce, on some occasions, we will refer to cell death mechanisms found using pure proteins or CD8+Tc cells.


Programmed Cell Death Pathways Activated by Granule Exocytosis

As discussed above, once granule content is released in the NK IS, perforin facilitates the intracellular delivery of gzms into the target cell. Perforin-mediated self-damage on NK cell membrane would be prevented by different mechanisms like CD107a, a lysosomal/granule protein that is translocated to the NK cell membrane during degranulation. However recently this mechanisms has been disputed by Rudd-Schmidt et al, 2019 describing two protective properties of the plasma membrane of cytotoxic lymphocytes within the synapse, an increased plasma membrane lipid order, thus reducing perforin binding, and the exposure of negative charge on the membrane surface via phosphatidylserine, thus inactivating residual perforin within the immune synapse (98–100). Once delivered into the target cell, gzms would cleave intracellular substrates leading to the target cell death. Among all gzms, gzmB is the one with a highest cytotoxic potential, while the ability of other gzms to kill target cells is still controversial and out of the scope of this review (8, 10, 101, 102). Although extracellular gzmB has also been involved in perforin-independent cell death via receptor activation in neurons or after extracellular matrix degradation in fibroblasts and smooth muscle cells (103–105), we will not focus here in this pathway as its relevance during NK cell mediated cytotoxicity has not been explored.

Both, human and mouse GzmB initiates apoptosis cleaving several intracellular substrates such as effectors caspase-3 and caspase-7 (106–108).In addition, human and mouse gzmB can cleave the BH3-only protein Bid in human and mouse target cells, respectively, to generate a truncated t-Bid form (109–113) and the Bcl-2 protein, Mcl-1, which is degraded releasing the pro-apoptotic protein Bim (114, 115). Here it should be noted that studies using purified proteins have shown that the substrate affinity of mouse and human gzms are different, presenting mouse gzmB a higher affinity for mouse caspase-3 than for mouse Bid, while the opposite was shown for human gzmB (116, 117). However the relevance of these findings during cell death induced by pure gzmB or gzmB of NK/Tc cells on intact target cells is not well understood and seems to be more complex than suggested by the substrate affinity studies. This assumption is supported by functional studies using mouse target cells with deficiency in caspase-3 or Bid pathways showing that the absence of caspase-3 or Bid influences the molecular mechanism of apoptotic cell death induced by mouse gzmB (109, 110) suggesting that both pathways contribute to gzmB-mediated cell death in both human and mice. Both pathways initiate the mitochondria outer membrane permeabilization (a process known as MOMP), the release of cytochrome c and other proapoptotic factors like SMAC/Diablo, promoting the formation of the apoptosome and the full activation of caspase-3 and -7 to execute the apoptotic process (8, 10–12, 43). Alternatively, human and mouse gzmB can also induce DNA fragmentation through its ability to cleave the cytoplasmic nuclease inhibitor, ICAD, releasing the Caspase-activated DNase, CAD, that promotes DNA degradation (118, 119). In addition, it cleaves other proteins involved in the maintenance of nuclear integrity (Lamin B), DNA repair (DNA-PKcs), poly(ADPribose) polymerase (PARP), microtubule dynamics (α-tubulin), and host autoantigens (NUMA, U1-70kD, Mi-2) (8, 10, 102, 107, 108, 120, 121). Here it should be noted that some of these studies were performed using either mouse or human gzmB, and confirmation in both species might be required to understand the biological relevance of these findings.

Albeit gzmB activates apoptosis by direct or indirect mitochondrial-mediated caspase activation, it has been shown that these pathways are dispensable for the elimination of tumour cells mediated by gzmB of Tc and NK cells, both in mouse and human models, in vivo and in vitro (109, 110, 122, 123). Whether NK cell mediated-tumour cell death in the absence of caspases and the mitochondrial pathway is executed by some of the gzmB substrates indicated above or by the activation of other cell death pathways is still being explored. For example some of the gzmB substrates indicated above (DNA-PKs, NUMA, lamins or ICAD) have been validated using LAK cells, which are NK cells generated in vitro using a high concentration of IL2 (108, 119, 121).

Alternatively, recent studies have shown that human and mouse gzmB released by NK cells could also directly cleave and activate gasdermin E (GSDME) in a caspase-independent manner, promoting pyroptotic cell death (9, 124). Pyroptosis is an inflammatory cell death modality regulated by the GSDM family. GSDMs are activated by cleavage, forming a transmembrane pore that contributes to IL1 family cytokine release and, in addition, disturbs intracellular ion homeostasis, resulting in cell death (125). There are different members on the GSDM family, all of which are activated by caspase-mediated cleavage. Traditionally GSDM activation was associated to inflammatory caspases like caspases-1, -4 or -5. More recently, it has been shown that other caspases, like caspase-3 or -8, can activate different GSDMs in Gsdm-expressing tumour cells. Furthermore, it has been recently shown that during GzmB-mediated cell death, caspase-3 is activated and mediates Gsdm cleavage and pyroptosis linking the gzm pathway to cell pyroptosis (124). The main role of pyroptosis seems to be inducing strong inflammatory responses that contribute to host defense against pathogen infection.

Regarding gzmA, the other major granule protease, its cytotoxic potential is reduced in comparison with gzmB, and at present, the relevance of cell death induced by gzmA is still in debate (8, 10, 46, 102, 126, 127). Recently it was shown that human gzmA released from NK cleaved and activated GSDMB, triggering pyroptosis in a caspase-independent manner (128).



Programmed Cell Death Pathways Activated by Death Receptors

Activation of the death receptor pathway by death ligands can also kill target cells through different cell death modalities, including apoptosis, necroptosis or pyroptosis. After a death receptor is engaged by its respective ligand, the adaptor protein FADD is recruited to the cytosolic DD of the receptor via homotypic interactions. Then the death effector domain (DED) present in FADD recruits procaspase-8, FLIP, and RIP1 to form a death-inducing-signalling complex, known as DISC in the case of TRAIL and FasL (70, 129) (Figure 3). Within the DISC, molecules of procaspase-8 in close proximity undergo autocatalytic cleavage to stabilize caspase-8 in its catalytically active conformation that will activate downstream cytosolic effector caspases, including caspase-3 and caspase-7. Under some circumstances, death receptor stimulation is insufficient to induce apoptosis via direct cleavage of caspase-3 and, then, caspase-8 mediated activation of Bid and the mitochondrial apoptotic pathway is required as described for gzmB (70, 71, 130).

Similar to FasL and TRAIL, the engagement of TNFα to TNFR1 generates the formation of a large complex known, in this case, as Complex I (74, 82) (Figure 3). It includes cIAP1, cIAP2, CYLD, RIP1, and TRAF2. While cIAPs induce RIP1 polyubiquitination inhibiting Complex IIa formation, CYLD promotes its deubiquitination, boosting Complex IIa generation and RIP1-mediated apoptosis. Furthermore, within Complex IIa, activated caspase-8 cleaves and inactivates RIP1, RIP3, and CYLD. Cleaved RIP1 and RIP3 lose their transphosphorylation and downstream substrate phosphorylation capabilities (74). However, when the cleavage of RIP1 and RIP3 is prevented by caspase-8 inhibitors or by the genetic deletion of caspase-8 or FADD, Complex IIb is formed (Figure 3). In Complex IIb, MLKL is phosphorylated by RIP3, oligomerising and translocating to the cell membrane, where it binds to phosphatidylinositides inducing cell membrane disruption and necroptotic cell death (69, 71, 129, 131).

Although all death ligands present differences in their signalling cascades, they can induce a multi-protein complex formation involving procaspase-8, FLIP, FADD, and RIP1. In this way, both TRAIL and FasL can also induce necroptosis in specific conditions, such as when caspase-8 is inhibited (71). The formation of each complex is regulated by a complex network of protein interactions from host cells and pathogens, including FLIPs and IAPs, that modulate cell outcome (survival or death) and the modality of cell death (69).

Similar to granule exocytosis, the relevance of the cell death pathways activated by death ligands during NK cell-mediated cytotoxicity is still not clear. It might also be influenced by the profile of death ligand expression in NK cells and the strength of the signals received by NK cells during target cell recognition. Curiously, it was recently shown that NK cells were able to activate necroptosis in some target cells. However, surprisingly, this process was not mediated by death receptors but by the gzmB pathway. This result was supported by previous findings showing that during NK cell attack, apoptosis, necrosis and mixed forms of cell death could be detected in target cells (132). In this line, Prager et al. showed that human NK cells used both gzmB and FasL to activate apoptotic- and/or necrotic like morphology in target cells (97). Further experiments will be required to determine whether this necrotic-like morphology is necroptosis or, for example, perforin-mediated lysis. Here it should be clarified that most of these results were mainly observed using gzmB inhibitors with no clear specificity, and, thus, further experimental work will be required to validate them using more specific approaches like CRISPR/Cas9-mediated knock-down. More importantly, despite NK cells might express high amounts of TNFα, it is still not known whether NK cells can activate classical necroptosis in cancer cells by using TNFα.

Thus, albeit it has been proposed that specific mutations in some of these cell death pathways might contribute to tumour cell resistance to NK-cell mediated activation of cell death (133), confirmation using NK cells is mandatory to find out the relevance of these mutations during NK cell mediated cancer immunosurveillance.




Death is not the end: NK Cell-Mediated Cell Death Boosts Adaptive Immunity

The primary role of NK cells, as indicated above, is to eliminate infected and transformed cells by inducing target cell death. Albeit apoptosis has been considered the paradigm of programmed cell death, more recently it has been confirmed that NK cells are also able to induce other forms of cell death like necroptosis and pyroptosis. These more inflammatory ways of cell death can lead to an increased release of both DAMPs and tumour antigens promoting inflammation and potentially the activation of adaptive immune responses against endogenous cancer antigens, a process known as immunological cell death (ICD) (122, 134, 135).

Thus, cell death activation in tumour cells by NK cells could be an additional mechanism that links the innate to the adaptive immune responses in cancer immunity (72).This mechanism would complete the cancer-immunity cycle (136, 137) linking an initial elimination of some tumour cells by NK cells to the activation of T cell responses that would complete tumour cell elimination (138). This hypothesis has been recently confirmed experimentally in vivo in mouse models showing that both NK and Tc cells induce ICD in primary tumours promoting the activation of new Tc cell responses against antigens released by dying tumour cells, which prevents the growth of secondary tumours (139, 140).

These findings increase our understanding about the role of NK cells in shaping tumour adaptive immune response and support previous results indicating that NK cells drive inflammation and immune cell infiltration, including conventional type 1 Dendritic Cells (cDC1), increasing tumour neoantigen presentation and CD8+ T cell immunity (141–144).

The specific role of apoptosis, necroptosis, and pyroptosis in NK cell-mediated ICD is still unknown. However, the results obtained using Tc cells in vivo indicate that the presence of active caspase-3 is required for ICD, at least when induced by Tc cells. Tc-cell mediated killing of tumour cells expressing a dominant negative mutant of caspase-3 were eliminated as efficiently as wild type tumour cells, but ICD determinants were reduced in mutant caspase-3 cells, and the protection against a secondary tumour challenge was lost (139). This result indicates that caspase-3 dependent apoptosis in the context of effector cell attack is immunogenic or, alternatively, ICD is activated due to secondary pyroptosis as a consequence of caspase-3 mediated GSDME activation as recently shown (9, 124). Further experimental analysis will be required to confirm these hypotheses. Here it should be considered that exacerbated effector cell-mediated responses might also be detrimental and promote cytokine release syndrome (CRS) as recently shown when using highly activated CAR-T cells, expressing high amounts of gzmB, which activates GSDME dependent pyroptosis, contributing to CAR-T toxicity. Interestingly, unlike CAR-T cells, CAR-NK cells do not promote CRS, pointing to a more controlled immune response during target cell elimination (145).

At present, the role of necroptosis in ICD induced by NK cells has not been explored.

As indicated above it is not clear at what extent mutations in different cell death pathways contribute to evasion of NK cell responses. This scenario becomes even more complex when considering that these mutations might not affect killing of primary tumour cells, but they might impact the immunogenic characteristics of cell death, reducing the activation of adaptive T cell responses, which in turn would reduce the elimination of primary tumour cells and the generation of immune memory against recurrent cancer cells.



Conclusion

NK cells are key mediators of cellular cytotoxicity, which is an important effector mechanism of the immune system (28, 146). The ability to directly kill other cells is critical for removing infected or transformed cells and is, therefore, a central tool in the immune system’s fight against viral infections and cancer. It is well established that the different cytotoxic effector mechanisms of NK cells, including granule exocytosis and death ligands, are essential for the elimination of tumors (147, 148). Here the pleiotropic ability of these mechanisms to activate different cell death programs in the target cells is essential for the elimination of offending cells, especially to overcome potential mutations in the cell death machinery that might compromise target cell elimination. Moreover, the most recent evidences indicate that NK cell mediated cytotoxicity is not only involved in the control of initial tumour development, but, in addition, regulates the activation of adaptive T cell responses by inducing ICD. ICD provides inflammatory signals and antigens to activate and expand new anti-tumoral T cells, enhancing the efficacy of tumour elimination and, potentially, preventing cancer metastasis and recurrence. Thus, on a conceptual basis, NK cell-mediated cell death might be considered the initial signal that triggers the cancer-immunity cycle. Here future efforts should be directed to understand the role of mutations in cancer cell death machinery on ICD that might impact on cancer metastasis and recurrence.

The information about the role of the different cell death mechanisms activated by NK cells on the control of tumor development and the efficacy of the different types of immunotherapy is still limited. However, all the new findings discussed here point to a fundamental role for NK cell-mediated cytotoxicity in the efficacy of these new treatments, including checkpoint inhibitors and adoptive cell transfer (i.e. allogeneic NK cells and CAR-NK). A better understanding of the role of apoptosis, necroptosis, and pyroptosis in NK cell-induced death will allow us to design better treatments to eliminate tumors and prevent recurrences effectively and safely, reducing the potential adverse effects of immunotherapy like Cytokine Release Syndrome.
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Cytotoxic lymphocytes are essential for anti-tumor immunity, and for effective responses to cancer immunotherapy. Natural killer cell granule protein 7 (NKG7) is expressed at high levels in cytotoxic lymphocytes infiltrating tumors from patients treated with immunotherapy, but until recently, the role of this protein in cytotoxic lymphocyte function was largely unknown. Unexpectedly, we found that highly CD8+ T cell-immunogenic murine colon carcinoma (MC38-OVA) tumors grew at an equal rate in Nkg7+/+ and Nkg7-/- littermate mice, suggesting NKG7 may not be necessary for effective CD8+ T cell anti-tumor activity. Mechanistically, we found that deletion of NKG7 reduces the ability of CD8+ T cells to degranulate and kill target cells in vitro. However, as a result of inefficient cytotoxic activity, NKG7 deficient T cells form a prolonged immune synapse with tumor cells, resulting in increased secretion of inflammatory cytokines, including tumor necrosis factor alpha (TNF). By deleting the TNF receptor, TNFR1, from MC38-OVA tumors, we demonstrate that this hyper-secretion of TNF compensates for reduced synapse-mediated cytotoxic activity against MC38-OVA tumors in vivo, via increased TNF-mediated tumor cell death. Taken together, our results demonstrate that NKG7 enhances CD8+ T cell immune synapse efficiency, which may serve as a mechanism to accelerate direct cytotoxicity and limit potentially harmful inflammatory responses.
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Introduction

Tumor infiltrating cytotoxic lymphocytes, such as CD8+ T cells and natural killer (NK) cells, are essential for effective anti-tumor immunity. Upon recognition of cognate antigen, cytotoxic CD8+ T cells form an immune synapse with target tumor cells which triggers their effector activity (1). This is characterized by directed polarization of cytotoxic lytic granules to the interface of the two cells and the release of perforin and granzymes, leading to apoptosis of the tumor cells (2). At the same time, the T cells secrete pro-inflammatory cytokines, such as interferon-gamma (IFN-γ) and tumor necrosis factor alpha (TNF) (3), which can have direct cytotoxic activity on tumor cells, as well as promoting further anti-tumor immune activity (4, 5).

The number of tumor infiltrating cytotoxic CD8+ T cells positively correlates with disease outcome in a number of cancer types (6), including breast (7, 8) and colon (9). CD8+ T cells also contribute to the efficacy of many cancer therapies (10), so approaches that enhance their activity within tumors through antagonism of inhibitory checkpoint receptors, such as PD-1 or CTLA-4, are showing great success in the clinic and revolutionizing outcomes for patients with otherwise incurable metastatic disease (11, 12). However, a limitation to this approach is that the number and functionality of the T cells can vary significantly within tumors, leading to wide variation in the proportion of patients who respond positively to this therapy.

We, and others, have recently applied advanced single cell RNA sequencing technology to interrogate tumor infiltrating lymphocytes, which has enabled the molecular signatures associated with the different T cell subsets found within both mouse (13–15) and human tumors (16) to be intricately defined. Similar studies have revealed that particular CD8+ T cell subsets within tumors are essential for durable and effective responses to cancer immunotherapies such as checkpoint blockade (17, 18). A number of these studies have highlighted that expression of the gene encoding natural killer granule associated protein 7 (Nkg7) in cytotoxic lymphocytes is associated with anti-tumor immunity (17, 19, 20), and reignited interest in this protein as a therapeutic target for improving cancer immunotherapy (20, 21).

NKG7 was first described as an intrinsic membrane protein associated with the cytotoxic granules of natural killer (NK) cells almost two decades ago (22, 23). These early studies reported that NKG7 translocates to the plasma membrane upon target cell induced degranulation, suggesting that it may facilitate the cytotoxic activity of both T and NK cells. However, until recently, little was known about the intrinsic role of this protein in cytotoxic lymphocytes, despite it being highly expressed in cells with cytotoxic function, including natural killer cells, cytotoxic CD8+ T cells and cytotoxic CD4+ T cells associated with viral infections (24). More recently, a role for NKG7 in regulating anti-tumor immunity has been reported (20, 21, 25). These studies have collectively demonstrated that loss of NKG7 impairs both NK and CD8+ T cell-mediated anti-tumor control in vivo and may be important for effective CD8+ T cell responses following immune checkpoint blockade in both mouse and human models (20, 21).

In this study, we add to the growing literature supporting a role for NKG7 in modulating CD8+ T cell cytotoxic activity against tumor cells. We show that NKG7 deficient CD8+ T cells (from NKG7 deficient mice or following CRISPR/Cas9 editing) fail to effectively kill target cells in vitro, resulting in prolonged immune synapse formation and hypersecretion of cytokines, including TNF. Importantly, in vivo, the hypersecretion of TNF by NKG7 deficient CD8+ T cells compensates for reduced perforin-mediated control of MC38-OVA tumors through enhanced TNF-mediated tumor cell death. Our data highlights the complex role of NKG7 in both direct tumor cell lysis and inflammatory responses underscoring CD8+ T cell anti-tumor immunity.



Materials and Methods


Mice and Cells

All animal studies were performed in accordance with the NHMRC Australian Code for the Care and Use of Animals for Scientific Purposes 8th edition (2013) and with approval from the Peter MacCallum Cancer Centre Animal Experimentation Ethics Committee. C57BL/6J Nkg7-/- and C57BL/6J wildtype mice were kindly supplied by Professor Alan Baxter (James Cook University, QLD, Australia) intercrossed and bred in the Peter MacCallum Cancer Centre Animal Core Facility under specific pathogen-free conditions to generate C57BL/6J Nkg7+/+ and Nkg7-/- littermates for these studies. Genotypes were determined by PCR using the following primers to identify the 286bp WT allele:

Reg-Nkg7 WT F (5’- AGACTCAAGTAGCAGGTAAAGGGGC-3’)

Reg-Nkg7 WT R (5’- CAGGATTCACCAGTCTAGGTGTCCC-3’)

and the following primers to identify the 465bp Nkg7 knockout allele:

Reg-Neo F (5’- GCAGCCTCTGTTCCACATACACTTCA-3’)

Reg-Nkg7 R (5’-TTGAGGTAGGGTCTCACTACGTTGC-3’)

MC38-OVA and P815 tumor cell lines were cultured in DMEM containing 10% FBS and cultured at 37°C in 10% CO2. All cell lines were confirmed negative for mycoplasma by PCR. MC38-OVA-Tnfrsf1a-/- cells were generated by CRISPR/Cas9 editing as previously described (26). Primary T cells were cultured in RPMI supplemented with 10% FBS, 1% GlutaMAX, 1 mM Sodium Pyruvate, 1% MEM Non-Essential Amino Acids, 0.1% 2-mercaptoethanol and 100 IU/mL recombinant human IL-2 (NIH), and cultured at 37°C in 5% CO2.



Antibodies and Reagents

The antibody clones used for flow cytometry were CD8 (BioLegend, 53-6.7), CD62L (eBioscience, MEL-14), CD44 (eBioscience, IM7) CD107a/LAMP1 (BD Biosciences, H4A3) and NKG7 (Cell Signaling Technology, E6S2A); for microscopy were EEA1 (Cell Signaling Technology, E9Q6G), Rab27 (Cell Signaling Technology, E907E), CD107a/LAMP1 (BioLegend, H4A3) Granzyme B (BD Biosciences, GB11) and rabbit and mouse anti-tubulin (Rockland). Secondary antibodies conjugated to Alexa Fluorophores, ProLong™ Gold Antifade Mountant with DAPI, CellTrace™ Violet and CFSE dyes were purchased from Molecular Probes (Thermo Fisher). Calcein-AM and LysoTracker™ were purchased from Invitrogen (Thermo Fisher).



Functional T Cell Assays

Naïve CD8+ T cells were isolated from the spleens of Nkg7+/+ and Nkg7-/- littermate mice using EasySep™ Mouse Naïve CD8+ T cell Isolation Kit (StemCell Technologies, 19858) and activated on tissue culture plates that had been coated with anti-CD3 (1 ug/mL) and anti-CD28 (2 ug/mL) antibodies (BD Biosciences) in PBS overnight at 4°C. The cytotoxic activity of activated T cells was measured by a standard chromium release assay using chromium-labeled tumor cells. The percentage-specific killing was determined using the formula: (Sample 51Cr release – Spontaneous 51Cr release)/(Total 51Cr release – Spontaneous 51Cr release) x 100 and represented as a Michaelis–Menten kinetic trend. To generate relative killing bar graphs, relative killing at the E:T ratio that results in 50% maximal killing of the least cytotoxic condition was compared, using Michaelis–Menten trends, as done previously (27). For the degranulation assay, T cells were cultured with targets at an E:T ratio of 4:1, with Golgi Plug and anti-CD107a (BD Biosciences). After 4 hours, cells were washed, then analyzed by flow cytometry. For the conjugation assay, activated T cells were labeled with CellTrace™ Violet and incubated with CellTrace™ CFSE-labeled tumor cells at 37°C. The cells were vortexed to separate any non-antigen-specific conjugates, and the cells fixed in 4% paraformaldehyde and analyzed by flow cytometry for the presence of double-positive conjugates. Cytokines were detected using a mouse inflammation CBA kit (BD Biosciences, 552364) as per manufacturer’s instructions and analyzed on a FACS Symphony (BD Biosciences), or by a mouse inflammation antibody membrane array (40 target cytokines) (Abcam, ab133999) as per the manufacturer’s instructions. All assays were analyzed using triplicate determinations.



RNA-Sequencing and Analyses

Activated T cells were co-cultured with tumor cells for 4 hours before being sorted and lysed for total RNA extraction. Lysis was achieved using TRIzol reagent (Thermo Fisher Scientific) and total RNA was extracted using a Directzol RNA miniprep kit (Zymo Research) as per the manufacturer’s instructions. The QuantSeq mRNA Library Kit (Lexogen) was used to prepare libraries. Single-end 75 base pair RNA sequencing on mRNA libraries was performed in-house at the Peter MacCallum Cancer Centre Molecular Genomics Core on a NextSeq 500 (Illumina). Demultiplexing of reads was performed using CASAVA (v1.8) and Cutadapt (v1.7) was used to trim polyA-derived sequences and biased reads resulting from random hexamer priming. HISAT2 (v2.1) was used to align the resulting reads to the mouse reference genome, GRCm38/mm10. Read counting was performed using featureCounts from the Subread package (v1.5). Differential gene expression was performed using Voom-LIMMA and gene set enrichment analysis (GSEA) was performed using GSEA2 (v3) for identification of enriched signatures obtained from the MSigDB Hallmark datasets (28). All sequencing data has been deposited in a public, community-supported repository under BioSample (SAMN28461275- SAMN28461279) and Bioproject IDs (PRJNA838721).

For bulk RNA sequencing expression analyses from publicly available datasets (GSE107011 (29); GSE60424 (30); GSE22886 (31)) raw counts files were downloaded from Gene Expression Omnibus (GEO) using the NCBI portal (http://www.ncbi.nlm.nih.gov/geo/). The filterByExpr function from the edgeR package (v 3.28.1) was used to filter lowly expressed genes and calculated count- or transcript-per-million (CPM/TPM) values. All computational analyses were performed using R (version 3.6.1). For data wrangling and visualization, base R functions were used alongside several core packages from the tidyverse (v 1.3.0) R package. tidyr (v 1.1.2) and dplyr (v 1.0.2) were used for reading and manipulating the data, as well as ggplot2 (v 3.2.1) for visualization. For single cell RNA sequencing expression analysis, processed counts from GSE127465 (32) were interrogated and visualized using the Single Cell Portal from the Broad Institute (https://singlecell.broadinstitute.org/single_cell).

Cellular Indexing of Transcriptomes and Epitopes by sequencing (CITE-Seq) was performed on tumour infiltrating lymphocytes from MC38-OVA bearing mice using cell hashing and demultiplexing as previously described (14, 33, 34). Quality control was performed by removing cell barcodes that were outliers by a high mitochondrial gene percentage (>7%), number of detected features in the RNA library (<200 or >3500), number of RNA counts (>20000) or number of antibody-derived tags (ADT) counts (>5000). Normalization, variable feature selection, scaling, principal component analysis, clustering, and dimensionality reduction using Uniform Manifold Approximation and Projection (UMAP) (35) were performed using standard workflows from the Seurat package in R. Effector and memory gene signature scores were generated using published gene sets (36) and the AddModuleScore function in Seurat. Clusters were annotated using a combination of ADTs, key gene expression and gene signature scores



Microscopy

Fixed confocal microscopy: Activated CD8+ T cells from the spleens of Nkg7+/+ and Nkg7-/- littermate mice were overlaid into eight-well chamber slides (Nalge Nunc) in pre-warmed, serum-free media RPMI-1640, and allowed to settle to the bottom of the well by incubating them at 37°C for 15mins. Media was then gently removed, and cells were fixed with PHEM-buffer [60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2, 4% paraformaldehyde) or Bouin’s solution [5% acetic acid, 9% formaldehyde, 0.9% picric acid], permeabilized with 40 uM β-escin (Sigma)/PBS or 0.1% Triton-X/PBS and then labeled with primary antibodies. This was followed by detection with Alexa Fluor–conjugated secondary antibodies and slides were mounted in ProLong™ Gold Antifade containing DAPI as previously described (37). For immune synapse analyses, tumor cells were labelled with CellTrace™ Violet and allowed settle to the bottom of eight-well chamber slides as described above. Activated CD8+ T cells from the spleens of Nkg7+/+ and Nkg7-/- littermate mice were overlaid for 45 mins and non-adherent cells washed off. Cell conjugates were fixed and permeabilized and stained as above. T cells selected for protein scoring had a single contact site with one tumor cell and polarized microtubule organizing center (MTOC). Slides were examined using a Nikon C2 Confocal Microscope equipped with 405nm/488nm/561nm/640nm laser diodes or Zeiss Elyra PS.1 microscope. All images were processed using Fiji-ImageJ, and Volocity 3D Image Analysis software was used to calculate protein co-localization.

Time-lapse microscopy: Activated CD8+ T cells from the spleens of Nkg7+/+ and Nkg7-/- littermate mice were labeled with LysoTracker™, pelleted and resuspended in pre-warmed media for 10 mins. Labeled T cells were then added to CellTrace™ Violet-labelled adherent tumor target cells in media containing 100 uM propidium iodide (PI) and imaged as previously described (5, 38). Briefly, chamber slides were mounted on a heated stage within a temperature-controlled chamber maintained at 37°C, and constant CO2 concentration of 5% was infused using a gas incubation system with active gas mixer (“The Brick”; Ibidi). Optical sections were acquired through sequential scans or brightfield/DIC on a TCS SP5 confocal microscope (Leica Microsystems) using a 40 (NA 0.85) air objective and Leica LAS AF software. Image analysis was performed using Meta-Morph Imaging Series 7 software (Universal Imaging).



In Vivo Mouse Experiments

C57BL/6J Nkg7+/+ and Nkg7-/- mice were injected subcutaneously with 1x106 MC38-OVA or MC38-OVA-Tnfrsf1a-/- tumor cells. Tumor growth was monitored approximately every second day using a caliper square to determine the product of 2 perpendicular tumor diameters. CD8 depletion antibodies (YTS 169.4) were administered at 200 ug/mouse on days -1, 0 and 7 and weekly ongoing, with day 0 being the day of tumor inoculation. Mice were culled when the tumor size reached the ethical limit (180 mm2).



Statistical Analyses

One-way ANOVA with Tukey multiple comparisons tests, log-rank (Mantel–Cox) test, 2-way ANOVA Sidak’s multiple comparisons and Welch’s t test, Mann-Whitney test and unpaired t tests were performed using GraphPad PRISM. All experiments were performed in at least three biological replicates, unless otherwise specified, and error bars show SEM. Significance was determined as, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.




Results


NKG7 Is Highly Expressed in CD8+ Effector T Cells, but Is Not Required for CD8+ T cell-Mediated Tumor Control In Vivo

Given recent evidence highlighting a role for NKG7 in anti-tumor immunity (20, 21, 25) we examined the expression of NKG7/Nkg7 amongst immune cell subtypes in human and mouse samples using available RNA-sequencing datasets. These data confirmed earlier reports that NKG7/Nkg7 is expressed predominantly in cytotoxic lymphocytes, including natural killer (NK) cells and CD8+ T cells, suggesting a role for this protein in cell-mediated cytotoxicity (Figures 1A–C, Supplementary Figure 1). Notably, within the CD8+ T cell population in both mouse tumors and human peripheral blood, Nkg7/NKG7 expression was highest in effector subsets and lower in central memory and naïve CD8+ T cells, signifying a potential contribution of NKG7 in CD8+ T cell cytotoxic effector function (Figures 1A–C).




Figure 1 | NKG7 is highly expressed in tumor-infiltrating CD8+ effector T cells but is not required for CD8+ T cell-mediated control of MC38-OVA tumors in vivo. (A–C) Analysis of bulk and single-cell RNA-seq and CITE-seq datasets available through the GEO. TE – Terminal Effector; EM – Effector Memory; CM – Central Memory (A) Bulk RNA-seq showing NKG7 expression on sorted cells from healthy human donor whole blood (left panel; GSE60424 (30), PBMCs or bone marrow (middle panel; GSE22886 (31), and PBMCs (right panel; GSE107011 (29). (B) Single cell RNA-seq showing NKG7 expression across different tumor-infiltrating immune subsets in human lung carcinoma (GSE127465 (32). (C) Single cell CITE-seq showing Nkg7 expression in tumor infiltrating T cells from MC38-OVA tumors harvested 10 days post subcutaneous tumor inoculation in C57BL/6 mice (GSE182664 (14). (D) Schematic of in vivo tumor growth study. MC38-OVA cells were implanted subcutaneously in Nkg7+/+ or Nkg7-/- littermates with or without CD8 depletion antibodies administered starting the day prior to tumor inoculation. (E) Tumor growth, error bars show SEM. (F) Tumor size on day 22 post tumor inoculation, data is pooled from 4 independent experiments, One-way ANOVA (n = 4-31). ns – not significant, **** P <0.0001.



To test this, we challenged cohorts of C57BL/6J Nkg7+/+ and Nkg7-/- littermate mice with the mouse colon carcinoma tumor line, MC38-OVA; a model in which the growth of tumors is acutely controlled by endogenous OVA-reactive CD8+ T cells in the 3 weeks following tumor inoculation (14). Unexpectedly, we found that tumors grew at an equivalent rate in Nkg7+/+ and Nkg7-/- mice across 4 independent experiments (Figures 1D–F). Tumor control in both Nkg7+/+ and Nkg7-/- mice was confirmed to be CD8+ T cell-mediated, as in vivo administration of CD8 depleting antibodies led to rapid tumor outgrowth in all mice (Figures 1E, F). In contrast to findings of a recent study, in which tumor growth in Nkg7-/- mice was compared to wild-type C57BL/6J mice (21), our results, generated using littermate controls, suggested that NKG7 is not required for effective anti-tumor CD8+ T cell immunity against MC38-OVA tumors in vivo.



NKG7-Deficient CD8+ T Cells Undergo Normal Activation but Exhibit Reduced Cytotoxicity

Given the unexpected finding above, we next investigated the intrinsic role of NKG7 in the phenotype and function of CD8+ T cells. We first evaluated expression of NKG7 protein in CD8+ T cells over time following activation with anti-CD3/28 antibodies in vitro. Following a small decrease in expression in the first 48 hours post-activation, NKG7 protein levels increased sharply at 72 hours and continued to increase over time in culture (Figure 2A). Interestingly, despite such dynamic changes in NKG7 protein expression following activation, the absence of NKG7 in CD8+ T cells from Nkg7-/- mice had no effect on differentiation into effector memory (CD62L+CD44+) and central memory (CD62L+CD44+) subsets (Figure 2B). Likewise, as previously reported (25), we found no significant differences in expression of the effector molecules, Granzyme A and Granzyme B, or the degranulation marker, CD107a, between activated Nkg7+/+ and Nkg7-/- CD8+ T cells (Figure 2C).




Figure 2 | NKG7-deficient CD8+ T cells undergo normal activation but exhibit reduced cytotoxicity. (A) NKG7 expression in CD8+ T cells isolated from the spleens of C57BL/6J Nkg7+/+ or Nkg7-/- littermates, measured by flow cytometry before and at indicated timepoints post-activation with anti-CD3/CD28 antibodies. (B) CD8+ T cells from (A) evaluated by flow cytometry 72 hours post activation and classified as naïve (CD44-CD62L+), central memory (Tcm; CD44+CD62L+) or effector memory (Tem; CD44+CD62L-), 2way ANOVA Sidak’s multiple comparisons test, n = 3. (C) Intracellular protein expression measured by flow cytometry 72 hours post activation, 2way ANOVA Sidak’s multiple comparisons test, n = 4. (D) Schematic of in vitro cytotoxicity assay. CD8+ T cells were activated as in (A) for 72 hours and co-cultured with anti-CD3/28 antibody-coated P815 tumor cells, which express high levels of Fc receptors that bind the Fc region of anti-CD3/28 antibodies. (E) Specific lysis of chromium (51Cr)-labelled P815 tumor cells (targets) by activated T cells (effectors) in a 4-hour co-culture as measured by chromium release at increasing effector to target ratios. (F) Specific lysis of anti-CD3/28-coated P815 cells (targets) by 72 hour activated Nkg7+/+ or Nkg7-/- CD8+ T cells (effectors) in a 4-hour co-culture. Relative killing calculated as the relative efficiency of T cells to achieve 50% specific lysis of target cells, unpaired t test, n = 3. (G) Degranulation of 72 hour activated Nkg7+/+ or Nkg7-/- CD8+ T cells co-cultured with P815 target cells for 4 hours, measured by CD8+ T cell surface exposure of CD107a during the co-culture, detected by flow cytometry, unpaired t test, n = 9. All error bars show +/- SEM. ns – not significant, ** P < 0.001, *** P < 0.001.



To test the cytotoxic activity of CD8+ T cells from Nkg7+/+ and Nkg7-/- littermate mice in the absence of antigen specificity, we optimized a surrogate method using the Fc receptor-expressing cell line, P815, as targets for T cell-mediated cytotoxicity. To this end, P815 cells were coated with anti-CD3/28 antibodies to promote the formation of an immune synapse with CD8+ T cells via direct ligation of CD3, which resulted in CD8+ T cell specific lysis of P815 target cells (Figures 2D, E). Using this model system, we found that Nkg7-/- CD8+ T cells were capable of lysing tumor cell targets, but at a significantly reduced efficiency compared to Nkg7+/+ T cells (Figure 2F). As previously reported (20, 25), this reduction in cytotoxic activity was associated with reduced degranulation (Figure 2G). Together, these data demonstrate that NKG7 does not influence T cell differentiation, but may have a direct function in enhancing the efficiency of CD8+ T cell degranulation and cytotoxicity.



NKG7 Is Localized to Late Endosomes and Polarizes to the Immune Synapse Upon Target Recognition

The reduced degranulation and cytotoxic efficiency of Nkg7-/- CD8+ T cells suggested a role for NKG7 in immune synapse formation and/or granule exocytosis, as previously hypothesized (25, 39, 40). To examine this, we used immunofluorescent microscopy to comprehensively assess the subcellular localization of endogenous NKG7 in murine CD8+ T cells at steady state and during synapse formation. While commercial NKG7 antibodies have not previously been used successfully for immunofluorescent microscopy (21, 25), we were able to build on our expertise in staining for granule associated proteins in mouse T cells to optimize immunofluorescent staining of NKG7 (41) (Supplementary Figure S2). CD8+ T cells from Nkg7-/- mice were used as a negative control to confirm the specificity of NKG7 staining (Supplementary Figure S2). To determine the subcellular localization of NKG7, we co-stained NKG7 with proteins known to be associated with early endosomes (EEA1), late endosomes (Rab7), late endosomes/lysosomes (LAMP-1) and cytotoxic granules (GzmB) (42). At steady state, NKG7 did not colocalize with EEA1 in early endosomes or with Granzyme B in cytotoxic granules (Pearson’s Coefficient < 0.5) (Figure 3A). Rather, the majority of NKG7 colocalized with Rab7 in the late endosomes and, to a lesser extent, with LAMP-1 (Pearson’s Coefficient > 0.5) (Figure 3A).




Figure 3 | NKG7 protein is localized to late endosomes and polarizes to the immune synapse upon target recognition. (A) Confocal immunofluorescence microscopy of Nkg7+/+ CD8+ T cells showing co-localization of NKG7 (magenta) with Lamp-1 and Rab-7 (green; middle panels), but not EEA1 or GzmB (green; far left and right panels). Both Costes Pearson’s Correlation Coefficient and Manders Correlation Coefficient, were used to quantify co-localization (left); biological replicates (right). Comparisons made by one-way ANOVA, each dot represents an individual cell analyzed (n = 47-133) pooled from 3 independent experiments (average shown on right) (B) The percentage of NKG7 (green) present at the MTOC (magenta) for synapsed and un-synapsed Nkg7+/+ CD8+ T cells, with synapse determined by polarisation of the MTOC to the interface of the two cells. Anti-CD3/28-coated P815 target cells were labelled with cell trace violet (CTV) and co-cultured with Nkg7+/+ CD8+ T cells for 45 mins. Comparisons made by unpaired t test. Each dot represents an individual cell conjugate analyzed (n = 30-51) pooled from 3 independent experiments (average shown below) (C) The percentage of granzyme B (GzmB; green) present at the immune synapse (MTOC; red) in Nkg7+/+ and Nkg7-/- CD8+ T cells, during co-culture with target cells as described in (B), unpaired t test. Each dot represents an individual cell conjugate analyzed (n = 23-28) pooled from 3 independent experiments (average shown below) * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. NS, not significant.



To determine if NKG7 traffics to the immune synapse during target recognition and T cell polarization, we co-cultured activated CD8+ T cells with anti-CD3/28 coated, CellTrace™ Violet-labelled P815 cells and again examined the cellular localization of NKG7 by immunofluorescent microscopy. Translocation of the microtubule organizing center (MTOC) to the interface of T cell/target cell conjugates was used as a marker of synapse formation (43). We found that NKG7 was significantly localized to the polarized MTOC region in CD8+ T cells that had formed a synapse compared to “un-synapsed” T cells where the MTOC was not polarized (Figure 3B). Given this marked polarization of NKG7 upon synapse formation, we questioned whether NKG7 was required for polarization of Granzyme B – a key cytotoxic protein that localizes to the T cell/target cell interface following synapse formation for delivery into the target cell. Surprisingly, the absence of NKG7 had no effect on the polarization of Granzyme B following formation of an immune synapse (identified by MTOC polarization) (Figure 3C). Together, these data demonstrated that NKG7 polarizes to the immune synapse upon target recognition, but the reduced cytotoxic activity of NKG7 deficient CD8+ T cells does not appear to be due to impaired granule trafficking to the cell interface following synapse formation.



NKG7 Shortens Immune Synapse Duration and Promotes Efficient Serial Killing

Given Nkg7-/- CD8+ T cells retain the capacity to form an immune synapse with a tumor target, we next examined whether they exhibited any temporal differences in synapse formation compared to control Nkg7+/+ CD8+ T cells. To do this, we labelled Nkg7+/+ or Nkg7-/- CD8+ T cells with CellTrace™ Violet, co-cultured them with anti-CD3/28-coated GFP-labelled P815 cells, and analyzed the percent of conjugated cells over time by flow cytometry. We found that both Nkg7+/+ and Nkg7-/- CD8+ T cells formed contacts with target cells at equal efficiency, with maximum conjugation occurring after only 30 minutes of co-culture in both groups (Figure 4A). However, after 30 minutes, a significantly higher frequency of conjugates was observed in Nkg7-/- T cell-tumor co-cultures, suggesting these cells remain synapsed for longer than Nkg7+/+ T cells (Figure 4A). To investigate this further, we applied time-lapse imaging to quantify dynamic differences in synapse formation and duration of Nkg7+/+ and Nkg7-/- CD8+ T cells in real time. Using PI uptake as a measure of target cell death (2, 5, 38, 44), we quantified synapse duration as the time taken for a target cell to die following conjugate formation. Consistent with our flow cytometry data, we found that Nkg7-/- CD8+ T cells form a markedly prolonged synapse, taking significantly longer to kill target cells following conjugation (Figures 4B, C). Proportionally, Nkg7-/- CD8+ T cells were also less likely to kill a target cell upon contact compared to Nkg7+/+ T cells (66.67% contacts with no kill, compared to 32.81%, respectively), and were less likely to undergo serial killing, with only 2.78% killing more than 1 target, compared to 18.75% of Nkg7+/+ CD8+ T cells (Figure 4D).




Figure 4 | NKG7 shortens immune synapse duration and promotes efficient serial killing. (A) Frequency of CD8+ T cells conjugated to P815 target cells at indicated timepoints evaluated by flow cytometry. 72 hour activated Nkg7+/+ or Nkg7-/- CD8+ T cells were labelled with cell trace violet (CTV) and co-cultured with anti-CD3/28-coated GFP-labelled P815 cells. Time indicates minutes of co-culture. Plots are gated on CTV+ cells and frequency of conjugates was calculated as CTV+GFP+ as a percent of all CTV+ cells. Data is quantified in right panel, Wilcoxin matched-pairs signed rank test, n = 3. (B) Live cell imaging time-lapse montage of CTV-labelled 72 hour activated Nkg7+/+ or Nkg7-/- CD8+ T cells (blue) co-cultured with anti-CD3/28 antibody-coated P815 target cells. Lysotracker (green) was added to co-cultures for cell clarity and PI was added to measure target cell death. Time indicates hours of co-culture. (C) From (B), time taken between T cell/target conjugation and target cell death as measured by PI uptake, unpaired t test with Welch’s correction, n = 21-55 T cells evaluated, pooled from 2 independent experiments over a 14-hour co-culture. (D) Frequency of T cells from (B) making no contact with any target (No contact), making contact without killing (Contact no kill), killing a single target only (Single kill) or killing more than one target (Serial kill) during the first 7 hours of co-culture. (E) Specific lysis of 51Cr-labelled anti-CD3/28-coated P815 tumor cells (targets) co-cultured with 72 hour activated Nkg7+/+ or Nkg7-/- CD8+ T cells (effectors) at an effector to target ratio of 1:5 for indicated lengths of time, measured by 51Cr release. Data was normalized by converting the maximum killing by Nkg7+/+ CD8+ T cells to 100%. (F) Relative rate of killing measured from assays set up as in (E) at indicated effector to target ratios, with relative rate measured as the slope of the Nkg7-/- killing curve relative to the Nkg7+/+ killing curve at the corresponding effector to target ratio, 2-way ANOVA Sidak’s multiple comparisons test, n = 3. All error bars show +/- SEM. ns – not significant, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.



To further assess if NKG7 enhances the rate of tumor killing, we co-cultured Nkg7+/+ or Nkg7-/- T cells with anti-CD3/28-coated P815 targets cells at a ratio of 1 T cell (effector) to 5 tumor cells (targets) and measured the percent of tumor targets killed overtime for 12 hours. This low effector:target ratio ensured tumor cells were in excess, allowing T cells to kill at a maximal rate unrestricted over the time course of the assay. We found that the reduced killing capacity of Nkg7-/- T cells compared to Nkg7+/+ T cells was linearly amplified over time, confirming that Nkg7-/- T cells kill at a significantly slower rate than Nkg7+/+ T cells (Figure 4E). Specifically, we calculated the relative rate of killing of Nkg7-/- T cells to be 52% of that of control Nkg7+/+ T cells (Figure 4F). Notably, as long as tumor cells were kept in excess (at least 2 tumor cells per T cell), the relative rate of killing of Nkg7-/- T cells was reduced to same level regardless of changes in the number of targets in the culture. This suggested that the reduced rate of killing by NKG7 deficient T cells is not simply due to differences in time to find a target cell (for example, due to reduced migration) but rather impaired intrinsic ability of the T cells to efficiently trigger target cell death upon conjugation.



Loss of NKG7 Promotes Hypersecretion of Cytokines Following Immune Synapse Formation

Given our observation that Nkg7-/- CD8+ T cells form a prolonged and inefficient synapse, we next investigated the consequence of this on the transcriptional response of the T cells upon recognition of a tumor target. To this end, we stimulated Nkg7+/+ and Nkg7-/- CD8+ T cells with anti-CD3/28-coated P815 cells, followed by isolation of the T cells for RNA sequencing. Notably, the most significant differentially downregulated gene in Nkg7-/- T cells compared to Nkg7+/+ T cells was Nkg7 itself, thus validating the quality of the data (Figure 5A, B). Interestingly, among the top upregulated genes in Nkg7-/- T cells were genes encoding cytokines, including IL-1a, IL-13, IL-5, IL-3 and IL-10 (Figure 5A, B). Indeed, functional Gene Ontology (GO) enrichment analysis of the top 100 differentially upregulated genes in Nkg7-/- T cells revealed biological processes involved in cytokine responses and Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway signaling (Figure 5C). Further network analyses of these genes using STRING identified networks involved in protein translation and inflammatory responses (Figure 5D). Together, this suggested that NKG7 deficient T cells transcribe and translate higher levels of inflammatory cytokines following target recognition, which is likely driven through continuous stimulation during a prolonged immune synapse.




Figure 5 | Loss of NKG7 promotes hypersecretion of cytokines following immune synapse formation. (A–D) RNA-sequencing of 72 hour activated Nkg7-/- and Nkg7+/+ CD8+ T cells following co-culture with anti-CD3/28-coated P815 cells for 4 hours. (A) Volcano plot of genes up or down regulated in Nkg7-/- cells compared to Nkg7+/+ cells, with blue indicating genes with a P-value < 0.05, FC – fold change (B) Heatmap of top 30 differentially expressed genes. (C) Functional Gene Ontology (GO) enrichment analysis of the top 100 differentially upregulated genes. (D) STRING network analysis of top 50 differentially upregulated genes, showing connected nodes only. (E–G) Cytokines secreted by 72 hour activated Nkg7-/- or Nkg7+/+ CD8+ T cells co-cultured with anti-CD3/28-coated P815 tumor cells for 4 hours, measured by antibody-pair-based array (E, F) or cytokine bead array (G) using supernatants from co-cultures. (E) Columns represent replicates pooled from 2 independent experiments. (F) Red shows cytokines with average fold change >1.5; blue shows cytokines with average fold change >1, <1.5; error bars show +/- SEM. (G) Unpaired t test, n = 6; ns – not significant, ** P < 0.001.



To determine if these transcriptional changes were also observed at the protein level, we collected the supernatant from T cell/tumor co-cultures and used cytokine antibody-pair-based and bead arrays to quantify the levels of 30 different chemokines and cytokines. These data confirmed that upon synapse formation, Nkg7-/- CD8+ T cells secrete higher levels of a number of cytokines including IL-7, IL12, IL-10, IL-2, TNF-alpha and IL-13 (Figures 5E–G). Surprisingly, we found no significant increase in the production of IFNγ (Figure 5G). Together these data suggest that NKG7 deficient CD8+ T cells hypersecrete inflammatory cytokines during a prolonged immune synapse with tumor cell targets.



Cytokine Hypersecretion in the Absence of NKG7 Compensates for Inefficient Synapse-Mediated Cytotoxicity

To confirm our findings in the setting of an immune synapse formed via a TCR-antigen interaction, we next used CRISPR/Cas9 to delete NKG7 in transgenic OT-I CD8+ T cells, by electroporating Cas9/sgRNA complexes into naïve T cells prior to activation (Figure 6A) (45). Using this method, deletion of NKG7 protein was achieved with approximately 75% efficiency, as assessed by both immunofluorescent microscopy and flow cytometry (Figures 6B, C). Consistent with our findings in Nkg7+/+ and Nkg7-/- littermates, Nkg7 sgRNA-electroporated OT-I T cells (sgNkg7) demonstrated significantly reduced killing of MC38-OVA tumor cells compared to OT-I T cells electroporated with a non-targeting control guide (sgNT) (Figure 6D). This reduction in killing was also associated with a significant decrease in degranulation (Figure 6E). We next used cytokine bead arrays to examine the secretion of TNF and IFNγ by sgNkg7 and sgNT OT-I T cells during synapse with MC38-OVA tumor targets, as these are key cytokines that contribute to the anti-tumor effector activity of CD8+ T cells (10). Interestingly, in this setting, we found an increase in the secretion of both TNF and IFNγ by sgNkg7 cells compared to sgNT controls (Figure 6F). This data suggests reduced degranulation and cytotoxicity, as well as cytokine hypersecretion, are consistent phenotypes of NKG7 deficient CD8+ T cells. However, the secreted cytokine profile may vary depending on stimulatory/inhibitory signals received by the T cell, which are likely to vary within the immune synapse across different tumor targets.




Figure 6 | Cytokine hypersecretion in the absence of NKG7 compensates for inefficient synapse-mediated cytotoxicity. (A) Schematic of CRISPR/Cas9-mediated knock out of Nkg7 in CD8+ T cells from OT-I transgenic mice. Naïve CD8+ T cells were isolated and electroporated with Cas9 complexed to sgRNA targeting Nkg7. Cells were then activated with anti-CD3/28 antibodies and used for analyses 72 hours post-activation. (B) Immunofluorescence microscopy showing NKG7 staining in CD8+ T cells electroporated with a non-targeting sgRNA (sgNT) or Nkg7-targeting sgRNA (sgNkg7), quantified in right panel, unpaired t-test, n = 3. (C) NKG7 protein expression detected by flow cytometry in sgNT and sgNkg7 OT-I T cells, and CD8+ T cells from C57BL/6J Nkg7-/- and Nkg7+/+ littermate mice, quantified in right panel; percent of NKG7+ OT-I T cells normalized for sgNT OT-I NKG7 expression equal to 100%, unpaired t-test, n = 3. (D) Specific lysis of 51Cr-labelled MC38-OVA tumor cells (targets) by sgNT or sgNkg7 OT-I T cells (effectors) in a 4-hour co-culture as measured by chromium release at increasing effector to target ratios. Relative killing (right panel) calculated as the relative efficiency of T cells to achieve 50% specific lysis of target cells, unpaired t test, n = 3. (E) Degranulation of sgNT or sgNkg7 OT-I T cells co-cultured with MC38-OVA target cells for 4 hours, measured by OT-I T cell surface exposure of CD107a during the co-culture, detected by flow cytometry, unpaired t test, pooled data from n = 3 independent experiments. (F) Cytokines secreted by sgNT or sgNkg7 OT-I T cells co-cultured with MC38-OVA tumor cells for 4 hours, measured by cytokine bead array on supernatants from co-cultures, unpaired t test, pooled data from n = 3 independent experiments. (G) TNFR1 protein expression detected by flow cytometry in wild-type (WT) MC38-OVA cells or MC38-OVA cells electroporated with Cas9 complexed to sgRNA targeting Tnfrsf1a (gene encoding TNFR1; MC38-OVA-Tnfrsf1a-/-). (H) Specific lysis of 51Cr-labelled MC38-OVA or MC38-OVA-Tnfrsf1a-/- tumor cells (targets) by sgNT or sgNkg7 OT-I T cells (effectors) in 4-hour or 18-hour co-cultures as measured by chromium release at increasing effector to target ratios. (I) Relative killing from (H), calculated as the relative efficiency of T cells to achieve 50% specific lysis of target cells, 2-way ANOVA, Tukey’s multiple comparisons test, pooled data from n = 3 independent experiments. (J) Tumor growth of MC38-OVA-Tnfrsf1a-/- cells implanted subcutaneously in Nkg7+/+ or Nkg7-/- littermates with or without CD8 depletion antibodies administered starting the day prior to tumor inoculation, n = 4-12. (K) Tumor size from (J) on day 22 post tumor inoculation, One-way ANOVA (n = 4-12). (L, M) Data pooled from Figures 1E, F and panels (J, K). All error bars show +/- SEM. ns – not significant, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.



Given that MC38-OVA tumors are sensitive to TNF-mediated cell death (4, 5), we hypothesized that hypersecretion of TNF may overcome the reduced immune synapse-dependent cytotoxic activity of NKG7 deficient T cells. Indeed, this would in part explain why the absence of NKG7 does not affect CD8+ T cell mediated control of MC38-OVA tumors in vivo (Figure 1E). To investigate this, we used CRISPR/Cas9 to delete Tnfrsf1a, encoding the TNF binding receptor, TNFR1, in MC38-OVA tumor cells (Figure 6G). We then measured the capacity for sgNT or sgNkg7 OT-I T cells to kill MC38-OVA or MC38-OVA-Tnfrsf1a-/- tumor cells in 4 hours (when tumor cell death is mediated by the perforin-granzyme pathway) or 18 hours (when tumor cell death is mediated by both the perforin-granzyme and TNF pathways) (27). Consistent with our hypothesis, the cytotoxic activity of sgNkg7 OT-I T cells at 4 hours was significantly reduced against both MC38-OVA and MC38-OVA-Tnfrs1a-/- tumor cells (Figures 6H, I). However, by 18 hours, the relative killing rate of sgNkg7 OT-I T cells was significantly increased against MC38-OVA cells, but remained unchanged against MC38-OVA-Tnfrsf1a-/- cells lacking TNFR1 expression (Figures 6H, I). Collectively these data demonstrate that reduced cytotoxic activity via the perforin-granzyme pathway in the absence of NKG7 can be compensated by TNF-mediated tumor cell death due to hypersecretion of TNF by NKG7 deficient T cells.

To test this hypothesis in vivo, we challenged cohorts of C57BL/6J Nkg7+/+ and Nkg7-/- littermate mice with MC38-OVA-Tnfrsf1a-/- tumors and monitored tumor growth, with or without depletion of CD8+ T cells (Figures 6J, K). As previously observed, there was no difference in tumor growth in either mouse cohorts when CD8+ T cells were depleted (Figures 6J, K). However, whereas previously we did not observe any significant differences in MC38-OVA tumor growth in Nkg7+/+ and Nkg7-/- mice (Figure 1E), in the absence of tumor cell TNFR1 signaling (as in MC38-OVA-Tnfrsf1a-/- cells), there was a significant reduction in tumor control in Nkg7-/- mice compared to Nkg7+/+ littermates (Figures 6J–M). Together these data demonstrate that hypersecretion of TNF in the absence of NKG7 compensates for inefficient synapse-mediated cytotoxicity to control MC38-OVA tumor growth.




Discussion

A spate of recent studies have used diverse in vivo models to demonstrate a functional role for NKG7 in CD4+ T cells (visceral leishmaniasis), CD8+ T cells (malaria), NK cells (melanoma) (25) and in CD8+ T cell driven anti-tumor immunity (20, 21). Collectively these studies highlight the importance of NKG7 in different immune cell subsets and disease contexts. However, despite a previously described role for NKG7 in CD8+ T cell cytotoxic function (20, 21), we unexpectedly found that CD8+ T cells controlled MC38-OVA tumors at an equivalent rate in wildtype and NKG7-deficient littermate mice, which prompted us to further investigate the functional role of NKG7 in CD8+ T cells. Our analysis uncovered a role for NKG7 in enhancing the efficiency, but not capacity, of CD8+ T cells to form immune synapses with tumor targets and trigger cell death. Indeed, in the absence of NKG7, CD8+ T cells remained capable of killing tumor targets, but at a markedly slower rate. The slow kill rate of NKG7 deficient T cells resulted in a significantly longer T cell-tumor cell synapse, thereby prolonging T cell stimulation, and consequently promoted hypersecretion of inflammatory cytokines. In the setting of a tumor which is sensitive to cytokine-mediated death, cytokine hypersecretion by NKG7 deficient CD8+ T cells compensated for their inefficient synapse-mediated cytotoxicity, leading to a net-zero effect on overall tumor control.

Interestingly, in the 48 hours immediately following activation, we observed that CD8+ T cells briefly downregulated NKG7. This is consistent with a previous report by Ng et al. (25) in which NKG7 expression was examined in human CD8+ T cells pre- and 48 hours post-activation. However, by monitoring temporal changes in NKG7 expression over a longer time course, we found that NKG7 is upregulated after 48 hours, and expression continues to increase over time in culture. Notably, our re-analysis of publicly available bulk and single-cell RNA-sequencing datasets also revealed higher levels of NKG7 transcripts in CD8+ T cells with a terminal effector phenotype versus a memory phenotype; the latter of which is associated with an earlier activated state, typified by less differentiated or more stem-like features (36).

Such dynamic expression of NKG7 throughout activation and differentiation may serve two possible functions. Firstly, during T cell activation by antigen-presenting cells (APCs), downregulation of NKG7 may allow T cells to maintain a prolonged synapse with APCs for more robust activation, while also preventing T cell-mediated lysis of the APC. Secondly, NKG7 expression may increase as CD8+ T cells terminally differentiate to favour direct synapse-mediated cytotoxicity, while lessening broader systemic inflammation. Certainly, cytokines play an important role early in the T cell response, where inflammation can serve to both promote target cell death and recruit other immune subsets to the site of the tumor or infection. However, continuous inflammation, such as in the setting of a chronic infection or cancer, can damage normal tissues and ultimately be harmful to the host. It is possible that progressive upregulation of NKG7 in chronically activated CD8+ T cells serves to enhance their direct killing efficiency and minimise the inflammatory damage they may otherwise cause overtime. Consistent with this idea, terminal differentiation or ‘exhaustion’ of CD8+ T cells is associated with a progressive loss in cytokine production (46), which is inversely related to the progressive upregulation we observed with NKG7 expression.

While our study demonstrated that NKG7 deficient CD8+ T cells form a prolonged immune synapse with target cells prior to target cell lysis, the functional role of NKG7 in this process remains unknown. Our findings confirmed previous reports that the absence of NKG7 leads to reduced degranulation (20, 25), which is required for the T cell to deliver toxic cargo (perforin and granzymes) to the target cell to initiate apoptosis (47). It is possible this impaired degranulation simply leads to a prolonged immune synapse due to delayed target cell lysis. However, it is also possible that suboptimal synapse formation itself prevents efficient degranulation (48). Whether NKG7 plays a direct functional role in degranulation, or in fact is critical for efficient formation of a bona fide immune synapse in the first place remains unclear. The latter theory is somewhat supported by a recent report demonstrating that siRNA knockdown of Nkg7 reduces cell membrane extensions between T cells and tumor cells (20), which could potentially lead to a less stable immune synapse, and inefficient triggering of cytotoxic activity.

Regardless of the order of events, an inevitable result of NKG7 deficiency is delayed T cell detachment from the target. Interestingly, delayed detachment due to impaired target lysis has also been observed in CD8+ T cells lacking perforin (49). In this setting, a prolonged synapse leads to repetitive calcium signaling and, similar to NKG7 deficiency, consequent cytokine hypersecretion. Indeed, there are many parallels between our findings and those observed in perforin deficient CD8+ T cells. However, perforin is a fundamental and indispensable component of synapse-mediated target cell lysis. In contrast, the absence of NKG7 does not completely abrogate T cell cytotoxic activity, but may more subtly fine-tune the synapse to regulate killing activity and inflammation depending on the phenotype of the T cell and stage of disease.

The identification of NKG7 as a regulator of cytotoxic lymphocyte function and inflammatory responses suggests that targeting this molecule may be a therapeutic approach to treat diverse conditions including infection, autoimmune diseases and cancer. However, future studies will need to focus on identifying the proteins NKG7 interacts with within the subcellular compartments of lymphocytes, which may provide new insights into the precise mechanisms behind how NKG7 regulates inflammatory responses in cytotoxic lymphocytes and impacts on disease outcomes.
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The advent of technologies that can characterize the phenotypes, functions and fates of individual cells has revealed extensive and often unexpected levels of diversity between cells that are nominally of the same subset. CD8+ T cells, also known as cytotoxic T lymphocytes (CTLs), are no exception. Investigations of individual CD8+ T cells both in vitro and in vivo have highlighted the heterogeneity of cellular responses at the levels of activation, differentiation and function. This review takes a broad perspective on the topic of heterogeneity, outlining different forms of variation that arise during a CD8+ T cell response. Specific attention is paid to the impact of T cell receptor (TCR) stimulation strength on heterogeneity. In particular, this review endeavors to highlight connections between variation at different cellular stages, presenting known mechanisms and key open questions about how variation between cells can arise and propagate.




Keywords: CD8 T cell, heterogeneity, stochasticity, TCR - T cell receptor, T cell differentiation and function, cytotoxic T lymphocyte (CTL)



Introduction

The mammalian immune system relies on the generation of diverse immune cell types and subsets by developmental and differentiation programs. Cells undergoing such transitions pass through an intermediate zone, exhibiting further diversity on a continuum of changing characteristics. Once meeting the phenotypic criteria of a specific cell type or subset, cells can still exhibit extensive heterogeneity among other features. Enabled by advances in single-cell genomics, live imaging, and fate-mapping technologies, the past decade has seen a surge in research aimed at understanding cellular heterogeneity itself. Single-cell genomics can measure variability in genome-wide molecular characteristics in thousands to millions of cells (1–3). Long-term live imaging enables investigators to monitor temporal changes within individual cells or clonal lineages over increasingly long time-frames (4). Finally, fate-mapping methods can track the progeny of individual cells, or populations marked by past expression of a particular gene, to reveal diversification that occurs across many generations (5). These technologies have revealed that despite extensive variation between individual cells, means and variances of these heterogeneous populations can be remarkably stable (6, 7). This suggests that cellular heterogeneity itself is a regulated biological process.

Cells of the adaptive immune system, including CD8+ T cells, also known as cytotoxic T lymphocytes (CTLs), are unique in harboring hard-coded variation in the DNA sequences of their immunoreceptors. Although this can contribute to phenotypic diversity (8), it is not their only source of heterogeneity. This review will take a broad perspective to explore inter-cellular variation among CTLs at the levels of differentiation fate, response timing, gene expression, proliferation, localization and function (Figure 1), with a particular focus on how the strength of antigenic stimulation modulates this heterogeneity. Examples and connections between different forms of variation will be presented, highlighting outstanding questions about drivers and consequences of CTL diversity.




Figure 1 | Schematic of types of heterogeneity among a population of CD8+ T cells responding to antigenic stimulation. Variation in (left) antigenic and/or microenvironmental signals is associated with (middle) different time delays before activation, gene expression patterns, proliferation profiles, and lymphoid tissue locations during the activation and expansion phases of the response. Many of these forms of heterogeneity are also associated with (right) subsequent differentiation fates. Created with Biorender.com.





The Branching Tree of Differentiation

Upon T cell receptor (TCR) stimulation with a peptide-MHC (pMHC) ligand on an antigen presenting cell (APC), a naïve T cell undergoes substantial metabolic and biosynthetic changes that initiate its proliferation and the differentiation of its progeny (9–11). The pool of activated, dividing cells that emerges during the first week of infection is already a heterogeneous mixture of both short-lived effector cells and memory precursors, which subsequently develop into various populations including stem-like, central, effector and tissue-resident memory (12). Chronic stimulation in the context of viral infection or cancer can then drive differentiation of additional subsets including exhausted or inflationary populations, which are themselves heterogeneous in nature (13, 14). High-dimensional single-cell measurements and fate-mapping techniques have been instrumental in revealing low-frequency but functionally important precursor cells that emerge during the early proliferative period [exemplified by (15–17)]. Beyond canonical differentiation pathways, single-cell transcriptomic studies of T cells from different anatomical locations, such as (18, 19), have demonstrated tissue-associated variation in gene expression within nominal subsets. Thus, T cell differentiation is a highly complex, diverging process.

Fate-mapping technologies have played a critical role in elucidating how the progeny of individual naïve CD8+ T cells populate diverse differentiated subsets (7). In 2007, Stemberger et al. transferred a single naïve TCR-transgenic T cell of known antigen specificity into a host and observed the differentiation of both effector and memory cells (20). Subsequently, another group used a lineage tracing system with genetic barcodes to track the progeny of individual naïve T cells and confirmed this model in which a single naïve cell can give rise to progeny with multiple differentiation fates (21). Such diversification of progeny has also been demonstrated in Th1 versus Tfh differentiation of CD4+ T cells (e.g (22, 23)). These data raised important questions about how such diversification is regulated. Are the proportions fixed? Are they consistent from one naïve cell to another? Three studies using different types of fate-mapping and limiting dilution cellular transfer systems clearly answered these questions: differentiation patterns emerging from each naïve T cell are highly diverse, but the population response to a specific challenge remains robust (24–26). This holds true even between naïve T cells with the same TCR, arguing against a deterministic mechanism whereby the TCR-ligand interaction programs a fixed pattern of differentiation fates. Instead, the fate distributions of individual cells were found to follow a probabilistic model (24).



TCR-Ligand Interactions Can Skew Differentiation Fates

While differentiation fate distributions vary between individual naïve T cells, the population average from which these are sampled can be tuned by the nature of the stimulus. One such tuning factor is the strength of the TCR-ligand interaction. Two related metrics are frequently used to describe this interaction: “affinity”, which refers to the ratio between the on-rate and the off-rate, or in some cases simply the inverse of the off-rate, of each individual TCR-pMHC molecular interaction; and “avidity”, which describes the aggregate behavior of all interacting ligands and receptors and is thereby affected by additional factors such as ligand and receptor concentration. Several studies have investigated the impact of TCR-ligand interaction strength using modified influenza viruses, murine cytomegaloviruses (CMV) or Listeria monocytogenes (LM) strains expressing ligands of different affinities for the OT-I transgenic TCR (27–30). In these studies, naïve CD8+ T cells that received strong stimulation expanded more than weakly stimulated cells and preferentially differentiated into short-lived effector and effector memory populations. Accordingly, weakly stimulated naïve cells contributed fewer progeny to all differentiated subsets but were disproportionately found among memory populations, particularly central and tissue-resident memory. Similar results were observed in CD4+ T cells, with TCR-ligand interactions additionally impacting the balance of Tfh/Th1 or Th1/Th2 differentiation [exemplified by (31–34) and comprehensively reviewed in (35)]. Of note, one study that used modified LM infection to vary stimulation strength of OT-I CD8+ T cells observed no ligand-associated differences in the percentages of short-lived effector and memory precursor cells in the blood over a month of infection (36). This discrepancy may be due to differences in sampling sites and/or populations examined, but nevertheless it highlights the need for more work in additional model systems to understand the contexts in which stimulation strength impacts differentiation outcome.

The predicted consequence of differentiation biases driven by stimulation strength would be a pool of memory cells with greater TCR diversity and, on average, lower antigenic affinity than the pool of effector cells. Evidence of this phenomenon was observed in murine models of influenza infection (28, 37), while similar results were reported in CD4+ T cells during murine lymphocytic choriomeningitis virus (LCMV) infection (38). Interestingly, this latter study highlighted differences between TCR-ligand affinity and tetramer avidity measurements, serving as a reminder that additional factors such as TCR expression levels must be considered when comparing ligand binding tendencies between populations (38). Furthermore, exploration of a broader range of infections in murine and human systems will be important to understand the generalizability of antigen affinity differences between T cell subsets. Nevertheless, observations of greater TCR diversity within memory populations lead to the intriguing hypothesis that this serves as a mechanism to protect against reinfection with mutated pathogens. In support of this hypothesis, reducing clonal diversity of the memory pool by deleting Cd27 (37) or interrupting EOMES/BLC2 signaling (28) impaired protection against mutated pathogen variants while leaving robust recall responses to the original pathogen. Thus, mechanisms that drive differences in TCR affinity and heterogeneity between effector and memory cells may have been naturally selected for their efficiency in fighting both current and future infections. It will be interesting to see whether future studies support or contradict this theory.

Chronic antigen presence can further drive CD8+ T cell differentiation. In certain contexts, such as latent CMV infection, CTLs with an effector memory phenotype and persistent effector functionality gradually expand in a process that has been termed memory inflation (14). Interestingly, while CTL expansion correlates with TCR-ligand affinity in acute infection (39, 40), this relationship appears to shift with latent infection. Using a model of murine CMV, a recent study found that while high affinity CTLs dominated early in the response, lower affinity cells became most abundant over time (41). These findings were corroborated by measuring the affinities of human CD8+ T cells specific for CMV-derived ligands, where inflation of the memory population was inversely correlated with its ligand affinity (41). The mechanisms underlying the inflation of low affinity populations during CMV infection are not completely resolved, but evidence suggests that they reflect early differentiation divergence that impacts the long-term self-renewing potential of each clone. Specifically, fate mapping experiments tracking the progeny of individual naïve murine CD8+ T cells showed that potential for long-term memory inflation was determined within 6 days of infection and correlated with a central memory precursor phenotype (42). Transcriptomic profiling of high-affinity CTLs shortly before the point at which they lost dominance in murine CMV infection revealed upregulation of co-inhibitory receptors, as well as a program of gene expression associated with senescence (41). Thus, the gradual evolution of ligand affinity may be the result of differentiation tendencies established in the early expansion phase of the T cell response.

In other contexts, such as chronic LCMV infection, continued antigen exposure leads to the development of an exhausted phenotype characterized by reduced effector function, sustained expression of coinhibitory receptors and altered cytokine and metabolic pathways (13). Coinhibitory receptors are rapidly expressed upon TCR stimulation, and studies altering the affinity or concentration of antigenic ligands found that strongly stimulated T cells expressed higher levels of co-inhibitory receptors within hours/days of activation, which dampened re-activation responses (43, 44). Elevated co-inhibitory receptor expression was also found to persist in CD8+ T cells over a month after vaccination with high affinity antigens (44). Recent work examining heterogeneity among exhausted CD8+ T cells in a murine model of chronic LCMV found that high affinity cells preferentially exhibited a terminal exhaustion phenotype, while lower affinity cells were more likely to fall into a cluster marked by expression of killer cell lectin-like receptors and cytotoxic genes (45). Thus, antigen affinity may also impact proliferative and self-renewal capacity settings of T cell exhaustion. In CD4+ T cells, divergent effects of TCR affinity were observed in chronic versus acute murine models of LCMV infection, such that strong stimulation biased cells toward Th1 differentiation during acute and Tfh differentiation during chronic infection (46). Interestingly, another study showed that the average affinity of CD4+ T cells responding to murine LCMV decreased over the transition from effector to memory-dominated responses, regardless of whether the infection was acute or chronic (38). Although not directly compared in CD8+ T cells, the results from acute infection, CMV, and LCMV described in this section suggest that CTL responses may also follow this pattern whereby shifts in clonal dominance depend, at least in part, on time rather than persistence of infection. Together, these data indicate that as T cells diversify through differentiation in response to an infection, the clonal heterogeneity of the responding population also undergoes reproducible, dynamic changes.

How heterogeneity within the context of naïve T cell activation might bias subsequent differentiation remains a key open question. The next three sections describe heterogeneity among early activation responses that might initiate such divergence.



Diversification by Temporal Variation

Diversity in a pool of cells can arise through temporal variation of particular molecular changes. Accumulating evidence from many types of immune cells suggests that temporal variation can be governed by tunable probabilistic mechanisms (6). An exemplar of such a process is well-described in thymic development, where Bcl11b expression was found to be activated via an epigenetic switch with a long, stochastic time delay, which was itself tuned by histone methyltransferase/demethylase and transcription factor activity (47, 48). This work showcased the temporal heterogeneity that can emerge from rare, rate-limiting events (6). Altered biological conditions can then modify the population response by changing the probability distributions from which individual cells are sampled.

In mature T cells, a rate-limiting switch-like mechanism has been suggested for activation responses after TCR stimulation (49). Experiments using live imaging of individual TCR-ligand interactions found that T cells experienced a wide range of receptor-ligand dwell times, with only very long interactions or sequential, spatially co-localized interactions leading to T cell activation (50). As such events were rare, heterogeneity naturally arose. Moreover, the distribution of effective dwell times a cell might experience was found to be tuned by parameters such as the affinity of the TCR-ligand interaction (50). Accordingly, work in both naïve CD8+ T cells and effector CTLs has shown that TCR-ligand interaction strength modulates the mean and variance of time to response. Studies using single-cell RNA sequencing and mass and flow cytometry to examine naïve CD8+ T cell activation showed that strong stimuli drove more uniform, rapid initiation of activation events including signaling, transcription, cell division, and transcription factor nuclear localization, while weak stimuli induced responses with greater temporal variance and occurred, on average, later (51–55). In effector CTLs, live imaging demonstrated the same strength-dependent effects with respect to polarization of the centrosome and cytolytic granules toward the immunological synapse (56). All of these studies used transgenic T cells with ligands of known binding affinities. Extrapolating to physiological contexts with polyclonal T cell populations, their results suggest that the response times of individual cells are sampled from different distributions. Cells that activate at different times may then experience differences in repeat TCR engagement, cell-cell interactions or microenvironment composition during activation and/or expansion. As described below, all of these features have the capacity to propagate heterogeneity to subsequent stages of the T cell response.



Heterogeneity of Gene Expression

The stimulation strength that a naïve T cell senses through its TCR, as well as costimulatory and cytokine receptors as discussed further below, may alter gene expression in the activating cell or its progeny. Studies in both CD4+ and CD8+ T cells found that, among cells that surpassed an activation threshold, stimulation strength correlated with expression of specific transcripts and proteins, often many hours/days after stimulation (52, 55, 57–64). Such effects may be modulated not only by transcriptional processes, but also post-transcriptional and translational mechanisms (9, 65). For example, weak TCR stimulation was found to be a poor driver of autocrine/paracrine IL2 production, which resulted in defective ribosome biogenesis and translation compared with strongly stimulated cells (64). How TCR-ligand affinity might initiate control over biosynthetic processes is not clear, but one possibility is that it relates to the duration of signals the T cell receives. The duration of T cell-APC interactions has been shown both in vitro and in vivo to correlate with stimulation strength [exemplified by (29, 44, 66–68)], and recent studies suggest that signal duration can impact gene expression. For example, use of a pharmacological intervention to interrupt TCR signals after different periods of time demonstrated different signal durations required for expression of early response transcription factors Nr4a1 and Nr4a3 (69). Likewise, experiments using an optogenetic construct to finely control patterns of receptor signaling in the Jurkat T cell line showed that transcriptional products persisted for a short time after signal interruption and accumulated with ongoing or repeated signaling (70). These data indicate that altering signal duration can lead to gene expression changes, which may propagate downstream. Accordingly, experiments manipulating the duration of TCR signaling showed differential effects on effector and memory populations subsequently differentiated in vivo (71–73). Thus, heterogeneity in antigen binding properties may impact differentiation via variation in experienced signal duration.

Differential gene expression can also be achieved by cellular division. Imaging of activating T cells at the point of mitosis demonstrated that sustained interactions with antigen-presenting cells could lead to asymmetric T cell division, wherein protein contents unequally segregated between daughter cells (74). In this and several subsequent studies, a bifurcation of gene expression was observed after the first cell division such that some daughter cells expressed genes associated with effector and others with memory cells, leading to the hypothesis that fate decisions are made at this first division stage (74–77). Accordingly, cells sorted by CD25  (IL2RA) and CD62L expression after the first division showed different memory recall phenotypes and capacity in adoptive transfer experiments (76). Altering stimulation strength was found to change the proportion of T cells asymmetrically dividing, thereby suggesting a means for affecting differentiation tendencies (29). However, it is unclear how the plethora of possible differentiation fates might be populated from a bifurcation at the first division, and other studies provide evidence for a contrasting model of differentiation fate segregation at a later time point. For example, fate-mapping experiments showed that cells expressing the short-lived effector cell marker KLRG1 during the early proliferative period were capable of differentiating into all types of memory cells (78). Likewise, experiments transferring CD8+ T cells to new hosts shortly after activation showed environmentally-controlled plasticity of fate distributions (79). Moreover, reports of fate-associated divergences in cellular division speed manifesting only after several rounds of replication (80–82) support a model of later segregation. In sum, additional lineage tracing work will be required to understand what role asymmetric division plays in directing CD8+ T cell differentiation programs.



Proliferative Variability

Activating and differentiating T cells can exhibit highly heterogeneous proliferation behaviors. In vitro lineage tracing experiments found that the progeny of individual activated naïve CD8+ T cells divided a similar number of times but that variation existed between clones (83). Among a group of identically stimulated cells, the average expansion potential reflected TCR, costimulatory and cytokine signals (83, 84). These data suggest a mechanism to generate numerical heterogeneity among responding CTLs according to the signals each receives.

In a more complex in vivo environment, fate-mapping experiments found that the speed of division varied between expanding subsets, such that central memory precursors underwent a longer cell cycle than effector and effector memory precursor subsets (80). This work further demonstrated that the stimuli controlling cell cycle duration differed by subset, with effector cells responding to IL2 signaling and central memory precursors dependent on TCR stimulation. Subsequent in vitro long-term live imaging experiments, using anti-CD3 stimulation and culture with IL2 to promote sustained expansion, found rapid progression of all cells from division 2 through divisions 3 or 4, followed by a heritable split of division speeds (81). Faster divisions were associated with expression of the high affinity IL2 receptor component CD25, while slower divisions were associated with expression of CD62L (81), suggesting a relationship to the effector and memory precursor populations observed in vivo (80). A similar rapid initial proliferation, followed by a split in division times associated with differentiation marker genes, was also observed in a murine model of influenza infection using cell-cycle-phase reporter mice (82). The question thus arises whether differences in division time are causally related or consequential to divergent differentiation pathways. Experiments transferring slowly versus rapidly dividing T cells into new hosts two days after activation showed no difference in their intrinsic ability to generate memory cells (85). However, this time point is before the reported bifurcation of division times and thus may not have captured the fate-associated divergence if it exists.

Most recently, Bresser et al. developed a method for tracking division number in a population of cells by using a reporter construct with a synthetic short tandem repeat that has a fixed probability for slippage mutations at each division (86). In this system, the number of cell divisions corresponded to the fraction of cells in the population that expressed a fluorescent protein from the reporter construct. This work found that cells with a central memory phenotype generally underwent more divisions than those with an effector memory phenotype, but central memory cells also exhibited extensive heterogeneity of division history. Interestingly, central memory cells that had undergone fewer divisions proliferated more upon re-challenge. Thus, alongside division speed, it will be interesting for future work to test whether differences in generation number reinforce diverging differentiation pathways.



Interplay of Environment With Response Heterogeneity

Variation in the experience of individual T cells can come not only from interaction with antigenic ligands but also each cell’s immunological context. This encompasses the physiological state of the host, the organ environment where the cell is located, and the microenvironment immediately surrounding the cell. Moreover, the relationship between a T cell’s environment and its response is bidirectional, with the nature of the response influencing the cell’s location and local milieu.

The inflammatory environment in which a naïve T cell is activated can impact its differentiation, skewing the distribution of precursor or differentiated subsets. Early work suggested that inflammation driven by live bacteria or chemical stimuli enhanced short-lived effector CTL responses while having relatively less influence on the generation of functional memory cells (87–89). This effect was found to be dependent, at least in part, on the cytokine IL12, which drove TBX21 (T-bet) expression in responding CTLs (88–90). Subsequent work demonstrated that IL2 could cooperate with inflammatory signals to promote short-lived effector differentiation (91, 92). This cooperation likely occurred not only at the level of signal integration but also as a feedback loop, with expression of CD25 dependent on inflammatory stimuli (80, 91). Beyond these two cytokines, comparisons of CD8+ T cell differentiation fates and their cytokine dependencies during different viral and bacterial infections demonstrated that the precise composition of the inflammatory environment altered the balance of differentiating effector and memory subsets (26, 93). One study tested the endurance and plasticity of environmental influences using TCR-transgenic CD8+ T cells capable of recognizing a shared antigen genetically added to vesicular stomatitis virus (VSV) and LM strains (79). Five days after infection, the authors transferred early effector cells that had yet to express KLRG1 or CD127 (characteristic of short-lived effector or memory precursor cells, respectively) into uninfected hosts and found differentiation patterns that recapitulated the cell subsets characteristic of the original infections, suggesting that the early inflammatory environment had lasting effects on differentiation programs. In contrast, when the authors transferred these early effector cells from VSV-infected into LM-infected hosts (and vice versa), differentiation patterns shifted to resemble those characteristic of the new host infection, indicating environmentally driven plasticity. Further work is needed to understand if this diversion was due to differential expansion or pathway plasticity at the individual cell level. Nevertheless, these data indicate that the inflammatory environment regulates the distributions of differentiating T cells during both the initial activation and expansion phases.

Within a given host environment, localization is also associated with cellular phenotype. For example, transcriptional divergence has been observed between CD8+ T cells of the same clonotype and nominal subset when extracted from different tissues (18). As T cells move between or within tissues, their cellular interactions and/or cytokine exposures change (94). Indeed, recent work found that cytokine availability was tightly regulated by proximity to producers and density of consumers, suggesting that subtle positional variation can change the signals received (95). Of course, the tendency to migrate to particular locations varies among a population of cells according to traits such as expression of chemokine receptors, as detailed below. Thus, microenvironmental interactions can be both a cause and consequence of divergent phenotypes.

Elegant studies manipulating chemotactic signals in CD8+ T cells have revealed the importance of CXCR3 signaling in directing activating cells to specific lymphoid tissue structures and promoting short-lived effector over memory differentiation (96, 97). Specifically, experiments using vaccinia virus infection found that CXCR3-deficient T cells were depleted from the marginal zone of the spleen, where the majority of inflammatory cytokines were expressed, and exhibited enhanced differentiation of memory precursors (97). Similarly, in LCMV infection, CXCR3-deficient T cells preferentially stayed in the lymph node paracortex instead of moving to the interfollicular regions (IFR) and showed differentiation divergence toward precursors of stem-like memory cells (96). Interestingly, TCR stimulation strength was found to be positively correlated with CXCR3 expression (67), as well as retention of T cells in the spleen (39) and IFR localization in the lymph node (67). It is therefore tempting to hypothesize a causal sequence whereby strong stimulation upregulates CXCR3, which directs cells to the lymph node IFR and provides an environment that drives effector differentiation (Figure 2). Future studies will be required to test this. Together, this work highlights how heterogeneity of T cell responses can propagate from variation in expression of a single chemokine receptor or subtle cell positioning all the way to differentiation fate.




Figure 2 | Possible route by which heterogeneity of TCR-ligand interactions could propagate through variations in stimulus duration, gene expression, and localization to diversify the T cell response. In this hypothetical situation, antigen affinity affects the frequency and duration of TCR-ligand interactions, the time at which the T cell activates, and expression of genes, including CXCR3. The level of CXCR3 expression then determines whether a cell traffics to the IFR or the middle of the lymph node, where it encounters niche-specific environmental cues that further promote specific differentiation programs. While cartoons in (A) depict a hypothetical “average” cell for each stimulus, those in (B) show putative cellular distributions for (left) experienced stimulation duration and (right) differentiation fate. This is only one of many possible routes that may connect ligand binding to differentiation outcomes. TSLE, short-lived effector; TSCM, stem-like memory; TCM, central memory. Created with Biorender.com.



Cellular interactions are governed by localization and form a critical part of the microenvironment that influences differentiation fate decisions. Early intravital imaging experiments immunizing with antigen-loaded dendritic cells (DCs) demonstrated that a single naïve TCR transgenic T cell makes multiple sequential APC contacts and that the duration of these interactions varies according to the activation stage of the T cell (98). As recently reviewed (94, 99), a large body of work over the past two decades has mapped the architecture of the lymph node and locations of innate and adaptive immune cells during an immune response. The majority of antigen presentation for naïve T cell activation is performed by conventional dendritic cells (cDCs). Type 1 cDCs reside primarily in the paracortex, express XCR1 and are specialized in antigen cross-presentation to engage CD8+ T cells (99). Intravital imaging studies demonstrated that cDC1s serve as a communication link between CD4+ and CD8+ T cells on the second day after infection, simultaneously engaging cells from both lineages and facilitating CD4+ T cell help to the CD8+ T cell response (100, 101). Inducible depletion of cDC1s disrupted clusters of antigen-specific CD4+ and CD8+ T cells, and skewed CD8+ T cell differentiation from memory toward effector pathways (100). Type 2 cDCs are often characterized by expression of CD11b  (ITGAM) and tend to reside in the IFR and T cell-B cell border regions of the lymph node (99). While these DCs have been best described for their contribution to CD4+ T cell responses, it is speculated that they and nearby monocyte-derived dendritic cells contribute to the inflammatory signals that drive effector CD8+ T cell differentiation in the IFR (94, 96). In addition to DCs, studies of the mesenteric lymph node found that type 2 and type 3 innate lymphoid cells specifically reside in the IFR (102, 103), suggesting that they may also provide soluble and/or direct signals to activating T cells in this region. Moreover, recent studies have revealed an important role for stromal cell signals in directing the localization of immune cells (104), including CD8+ T cells (96). Additional evidence suggests that stromal cell interactions can directly impact T cell activation, metabolism and differentiation [e.g. (105, 106)], but these studies generally used in vitro activation and have revealed differences between mouse and human systems. Thus, more work is needed to understand the role of stromal interactions in vivo. Moving forward, the use of inducible model systems that can perturb gene expression within specific cellular populations at precise times during the lymph node response may shed additional light on how cellular interactions contribute to divergent differentiation pathways.

While we often think of CD8+ T cell responses being modulated by professional APCs, other innate immune components and CD4+ T cell help as described above, a series of studies has also demonstrated the importance of CD8+ T-cell-T-cell interactions and feedback in the course of activation. Direct interaction between activating T cells was observed 24 hours after in vivo stimulation in the form of ICAM1/LFA1-dependent T-cell-T-cell synapses (107). Subsequent work showed that these interactions costimulated paracrine IFNG (IFN-γ) signaling, which was associated with downregulation of CD25 and skewing away from effector toward memory cell differentiation (108). Feedback among activating T cells has also been found to occur via IL2 secretion. Multiple groups have identified instances of quorum sensing behavior and feedback loops for IL2 production within effector populations or mixed effector and regulatory T cell settings, particularly highlighting the emergence of robust population responses from highly heterogeneous expression and consumption among individual cells (109–112). Recent in vitro and mathematical modelling work built upon these findings to propose that T cells modulate IL2 according to cellular density via a series of nested feedback mechanisms involving CD28 and CTLA4 competing for CD80 and CD86 signaling (113). As cytokine signaling can impact differentiation outcomes, these data suggest that quorum sensing behavior might serve as a T-cell-intrinsic means of regulating differentiation. Accordingly, in vitro experiments in CD4+ T cells showed that higher cellular density led to an increased frequency of activated T cells expressing markers of memory precursors (114). The impact of T cell density on differentiation outcome in an in vivo setting is difficult to study as it has not yet been possible to alter local density without changing the frequency or baseline gene expression profiles of antigen-specific T cells. New experimental systems will be important for addressing this question.

Finally, as alluded to in multiple sections above, cytokine and costimulatory signals can feed into and amplify signaling networks initiated by the TCR, effectively enhancing the strength of stimulation a T cell experiences. Indeed, naïve cells are programmed to rely on these additional signals, as recently demonstrated by a study in which deletion of the RNA binding proteins ZFP36 and ZFP36L1 reduced dependence on CD28 signaling during early activation and enhanced effector differentiation (115). Investigations of signaling nodes responsible for conveying cytokine and costimulatory signals into the TCR activation network have identified elements of metabolic programming pathways, including PI3K/AKT and MYC (57, 60, 64, 116–119), consistent with extensive work showing that CD28 costimulation and IL2 signaling promote glycolytic metabolism (120). For example, in vitro co-culture experiments showed that IL2 produced by strongly stimulated T cells could push nearby, weakly stimulated cells over an activation threshold to initiate proliferation (116). This was blocked by treatment with LY294002 (116), which inhibits PI3 kinases, mTOR, and PIM kinases (119). Several other studies identified the transcription factor MYC, a key controller of metabolic reprogramming in activated T cells (121), as a biological node integrating TCR with costimulatory and IL2 signals (57, 60, 64, 117). Finally, THEMIS1, a signaling regulator that modulates SHP1 phosphatase activity, was found to be required for AKT/MYC pathway activation and proliferation induced by the addition of cytokines to weak TCR signals (118). In addition to direct effects on metabolic pathways, proteomics experiments revealed that IL2 also affected the metabolism of in vitro-derived effector CTLs by controlling expression of nutrient transporters and other environmental sensors (122). Given that metabolic shifts during T cell activation are strongly associated with differentiation outcomes (123), these data suggest a mechanism by which differences in the local cytokine and costimulatory environment during activation might propagate through divergent differentiation fates.

Taken together, the examples of environmental heterogeneity in this section reveal a complex interplay of antigenic and microenvironmental signals. These interactions may both reinforce (as in CXCR3-dependent migration) or restrain (as in IL2 quorum sensing) heterogeneity among responding CTLs to generate a diverse but robust response.



Functional Diversity Beyond Differentiation

CTLs can perform a range of functions upon antigenic challenge, including secretion of cytolytic granules and cytokines such as IFNG, TNF (TNF-α) and IL2. Early work using a murine model of influenza infection demonstrated a hierarchy among cytokines secreted by CD8+ T cells, such that IL2-producing cells were a subset of those making TNF, which were themselves a subset of IFNG-producers (124, 125). In humans, examination of CD8+ T cells from HIV-infected patients revealed a set of frequently observed individual and combinatorial functions across single antigen-specific CD8+ T cells (126, 127). These studies found that the frequency of cells secreting multiple effector molecules (termed polyfunctional CTLs) correlated with reduced viral load. Association of CTL polyfunctionality with immune protection was subsequently observed in other contexts [e.g. vaccinia virus immunization (128), anti-CTLA4 cancer immunotherapy (129), and COVID-19, where polyfunctionality was highest in moderate compared with mild or severe cases (130)]. Much functional diversity is likely attributable to differentiation state (131, 132). However, a recent study that profiled the transcriptome and proteome of CTLs sorted according to IFNG and IL2 expression found molecular correlates of functional properties that were shared across multiple effector and memory subsets (133). These results suggest further functional tuning beyond differentiation outcomes that is regulated by specific molecular programs.

The regulation of functional diversity is not well-understood. Early studies of viral infection in mice and humans found an association between polyfunctionality and antigen avidity such that cells capable of multiple effector functions were more likely to strongly bind antigen (124, 127). Likewise, in in vivo rechallenge, memory cells derived from high affinity initial stimuli were more likely to express effector molecules than those initially stimulated with low affinity ligands (30). However, the differentiation trajectories of CTLs sampled in these studies were unclear. Experiments specifically altering ligand binding affinity during in vivo differentiation revealed little impact on the expression of key effector molecules among differentiated effector (39) and tissue resident memory cells (27),  However, genome-wide transcriptional measurements in the latter study found considerable affinity-associated differential expression, leaving the door open to more subtle functional regulation (27). The context in which antigenic challenge occurs may also impact functional diversity, as exemplified by a recent study that found substantial gene expression differences in tissue-resident memory cells engaged by hematopoietic versus non-hematopoietic APCs during secondary infection (134). Thus, further work is needed to understand the drivers of functional heterogeneity within differentiated CTL populations.



Origins of Heterogeneity Among Naïve T Cells

Observed differences in activation time and differentiation fate among naïve T cells with the same TCR [e.g. (24, 25, 52)] raise the question of what, if any, molecular mechanism allows one cell to initiate a particular molecular program when another does not (Figure 3). One explanation is that this is governed by underlying stochastic variability in gene expression or activity profiles, such that one cell is randomly more poised than another to respond at that instant. Within a homogenous population, such variability can be generated by transcriptional “bursting”, whereby a gene switches between states of active transcription and inactivity in a manner that is not synchronized within a population (135). In a homogenous population whose only source of variation is stochastic bursting, the time-averaged gene expression of individual cells would be uniform. Finding bursting genes responsible for heterogeneous responses can be experimentally challenging due to the transience of expression changes. Use of single-cell genomic and live imaging technologies has recently accelerated our ability to define and describe gene expression variability and may provide a means to determine how stochastic variation contributes to differential responses within a pool of naïve cells (1).




Figure 3 | Schematic of stochastic and deterministic sources of naïve T cell heterogeneity. (A) Stochastic gene expression bursting within a population over time, where dark red cells indicate those cells randomly expressing the gene of interest at each time point. (B) Varied self-pMHC binding of naïve T cells affects gene expression and response characteristics. (C) Likewise, organism age at thymic egress (particularly adult versus fetus) and the strength of self-pMHC interaction during positive selection affect gene expression and response characteristics of peripheral naïve T cells; cTEC, cortical thymic epithelial cell; DP, double-positive. (D) Cytokines and other environmental components tune naïve cell reactivity. (E) Cartoon histograms depict the probability of a cell exhibiting a certain phenotype (e.g. expression of CD8 or a particular metabolic state). Stochastic variation as in (A) creates a distribution (black) which might then be tuned in variance (green) and/or mean (magenta) by additional factors such as (B–D). All cells represent naïve T cells unless otherwise specified. Created with Biorender.com.



In addition to variation in the expression of individual genes, coordinated gene expression modules may be associated with the speed and quality of responses. One of the earliest studies of naïve CD8+ T cell response heterogeneity found that increased expression of the coreceptor CD8 allowed cells to respond to reduced concentrations of antigen, while increased expression of the phosphatase SHP1 reduced the maximal percentage of cells responding (136). Interestingly, these two molecules were also co-regulated, such that T cell activation responses were allowed to vary but only within biologically defined limits. Later investigations in naïve T cells expressing high versus low levels of surface CD8 corroborated these findings and demonstrated additional differences in gene expression including cell cycle and pro-apoptotic genes (137). Other experiments sorting naïve cells by glucose uptake capacity or markers of protein synthesis also revealed association with responsiveness to TCR stimulation (53). Together, these results highlight that not only single proteins but rather whole cellular programs are heterogeneously expressed among naïve T cells.

One of the most extensively studied factors associated with naïve T cell response propensity is tonic signaling from weak interactions with self-pMHC ligands. While a full discussion of this topic has recently been published elsewhere (138), a few key studies, particularly in CD8+ T cells, will be highlighted. Tonic signaling can diversify the antigen-inexperienced T cell population both by driving differentiation of virtual memory cells (139) and by affecting the true naïve population. Some of the first self-pMHC interactions that a T cell makes occur during thymic positive selection. The strength of this interaction was found to be associated with expression of the negative TCR signaling regulator CD5 on mature single-positive thymocytes and peripheral T cells (140). Comparisons of CD5high versus CD5low naïve CD8+ T cells found differences in common gamma chain cytokine sensitivity (141) and transcription factor expression (142), and also revealed subsets of CD5high cells that expressed effector-associated molecules such as CXCR3, XCL1, and TBX21 (142). In antigenic challenge, CD5high naïve CD8+ T cells, and in particular CXCR3+CD5high populations, expanded more than CD5low cells (142). Investigations into the mechanism behind this enhanced proliferation revealed greater responsiveness to inflammatory cues but not enhanced antigenic pMHC binding (142). Further associations of tonic signaling and CD5 expression have been found with other features involved in T cell responsiveness, including expression of the phosphatases CD45 and PTPN2 (143, 144) and metabolic state (145). Moreover, a study in naïve CD4+ T cells demonstrated CD5-associated differences in chromatin accessibility (146), suggesting that self-pMHC signaling can cause long-lived reprogramming in naïve T cells. Intriguingly, heterogeneity of CD5 expression and associated variation in responsiveness has even been observed among T cells with the same TCR [e.g. (147)], suggesting that inherent self-pMHC binding affinity is not the sole driver of this type of heterogeneity. While most of this work was done in murine systems, examination of CXCR3 expression on human naïve T cells revealed similar results such that CXCR3 was associated with effector-like transcriptional characteristics and greater response to non-specific activation (148). Together these data indicate that the naïve T cell pool is deterministically poised for diverse responses upon antigenic challenge.

Changes in thymic selection over the life course can also generate diversity among naïve T cells. A comparison of the TCR repertoire of T cells passing positive selection in neonatal versus adult mice found that strongly interacting cells were preferentially selected in the young thymus, generating a pool of peripheral T cells that was more self-reactive and more likely to express high levels of CD5 (149). This difference in thymic selection was concordant with previously observed differences in neonatal versus adult T cell responses (150, 151). Recently, an elegant study used an in vivo time-stamping method to mark naïve CD8+ T cells that developed at different points in life (152). This study demonstrated that fetal-derived naïve cells were molecularly distinct from adult-derived cells. Moreover, they were more likely to become virtual memory cells, respond rapidly to cytokine and infectious stimuli, and differentiate into terminally differentiated effector cells upon infection in the adult. Importantly, this effect of animal age was independent of post-thymic time or lymphopenic state at the time of thymic egress. Thus, thymically-driven variation in naïve T cells appears to persist at the cellular level as the animal ages.

Another potential contributor to variability among naïve T cells is subtle differences in cellular experience that accumulate over time. Such a mechanism is indirectly supported by observations of greater gene expression heterogeneity upon stimulation of naïve CD4+ T cells from aged compared with young mice (153). Differences in the T cell microenvironment, including some of those described above, may play a role in such processes. For example, recent work found that the combination of self-pMHC reactivity and exposure to type I interferon signaling drove a subset of CD5hi naïve CD8+ T cells to express LY6C1 (also known as Ly6C) and preferentially expand and differentiate into short-lived effector cells upon antigen challenge (147). Thus, variation in the individual environmental experience of each naïve cell, perhaps accumulated over a lifetime, can also drive response heterogeneity.

Finally, there is intriguing evidence of genetic control of gene expression variation, including among CD8+ T cell populations (154, 155). These human genetic studies found polymorphisms associated with the distribution of gene expression across cells within each individual. Such findings indicate that regulation of inter-cellular heterogeneity generated by stochastic or deterministic mechanisms may, in part, be encoded within an organism’s DNA. Analyses of expression variability in the innate immune system suggested that evolutionary pressures have constrained expression variability of intracellular machinery such as transcription factors and kinases/phosphatases, while allowing highly variable expression of secreted signaling mediators and their receptors (156). It will be interesting to see whether similar features are found in T cell responses, or whether variability in the adaptive immune system is governed by different selective pressures.



Discussion

This review has taken a broad perspective on heterogeneity in order to bring together different forms of variability reported among CTLs. As suggested by many of the studies described above, it is highly likely that these forms of heterogeneity are related and propagate from one to another. For example, one can envisage scenarios whereby heterogeneous gene expression within naïve T cells and variable interactions with TCR ligands on antigen-presenting cells result in diverse activation times, experienced signal duration and gene expression profiles, which in turn lead to different cell-intrinsic feedback loops, cell-cell interactions and/or cytokine exposures during proliferation and differentiation, thereby skewing the differentiation fates and functional properties of the progeny of each naïve cell (e.g. Figure 2). Many of the findings discussed here suggest that while gene expression and cellular interactions be governed by stochastic processes forming the backdrop for these events is heavily impacted by the natural history of the cell. Thus, although not deterministic, cellular experience likely controls the probabilities that underly divergent T cell responses.

Many connections between distant steps in the sequence from T cell selection through effector and memory responses remain to be investigated. The development of technologies to track the natural histories of individual cells and their progeny, such as inducible CRISPR scarring, should allow testing of such relationships in future work. By better understanding the drivers and propagators of T cell response heterogeneity, we may begin to anticipate and take advantage of this variation to achieve desired T cell responses through therapeutic manipulation.
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Adoptive transfer of T cells genetically engineered to express chimeric antigen receptors (CAR) has demonstrated striking efficacy for the treatment of several hematological malignancies, including B-cell lymphoma, leukemia, and multiple myeloma. However, CAR T-cell efficacy has been very limited in most solid tumors. In this context, it is of paramount importance to understand the determinants that condition CAR T-cell success versus failure. To control tumor growth, CAR T cells need to form conjugates with their targets via the assembly of an immunological synapse. Here, we review recent advances showing that the adhesion between CAR T cells and cancer cells from solid tumors strengthens over time in an IFNγ- and ICAM-1-dependent manner, resulting in CAR T cell-mediated killing. We discuss how these findings can be exploited to increase the efficacy of the CAR T-cell strategy against solid tumors.
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Introduction


CAR T cell therapy fails in solid tumors

CAR T-cell therapy has shown considerable promise for hematologic malignancies. To date, six CAR T products have been approved by the Food and Drug Administration (FDA) in the United States, targeting leukemia, lymphoma, and multiple myeloma (for a review see (1)). Despite this success, the field is facing many challenges such as antigen heterogeneity and toxicity issues (2). Moreover, solid tumors are, with some exceptions (3), resistant to CAR T cells. Understanding mechanisms of resistance to CAR T cell therapy in solid tumors is therefore a key challenge and opportunity.



Known resistant mechanisms to CAR T cells

Over the last years, several determinants have been considered important in controlling CAR T cell efficacy (4). Those that retain the most attention include the expression of the target antigen, the affinity of the CAR as well as the nature of the costimulatory domain. Loss of the target antigen is nearly always associated with patient relapses (5) and many efforts are being made to increase antigen sensitivity (6, 7). However, additional factors can also lead to resistance. CAR T-cell intrinsic properties controlled by metabolism and differentiation parameters are key in the ability of infused T cells to proliferate and persist or not within the host. In addition, recent articles have shown that tumor cells can resist CAR T-cell killing in various ways such as the capacity to repair their membranes following a ‘hit’ from cytotoxic T-cells (8) as well as the presence of mutations in apoptosis pathways (9). Lastly, the immunosuppressive tumor microenvironment (TME) may also generate resistance to CAR T-cell treatments, especially in solid tumors (10).



Role of adhesion/costimulatory molecules in T cell-tumor cell interaction

To control tumor growth, CAR T cells need to form productive conjugates with their targets via the assembly of an immunological synapse (11). This complex cell-cell interaction structure orchestrates T cell activation and triggers the polarized release of cytotoxic granules, enriched with perforin and granzyme B, which eventually induce target cell death. Up to now, little is known about the mechanisms that regulate CAR T-cell interaction with tumor cells. Previous studies performed with non-modified T cells have underlined that, in addition to the recognition of specific peptide-major histocompatibility complex molecules via the T-cell receptor (TCR), engagement of adhesion and costimulatory molecules with their respective ligands is mandatory to trigger efficacious antitumor T-cell activities. CD2, which binds to CD58 (LFA-3) on target cells acts as an adhesion/costimulatory molecule that provides signals to amplify TCR signaling (12). Integrins, in particular lymphocyte function-associated antigen-1 (LFA-1, CD11a/CD18 or αLβ2) and CD103 (αEβ7), also play important roles in T cell-target cell adhesion and signaling through interaction with their respective ligands, intercellular adhesion molecule-1 (ICAM-1 or CD54) and the epithelial cell marker E-cadherin (13, 14). In native T cells, the adhesive properties of integrins are regulated via conformational activation and clustering, initiated by an “inside-out” signaling process emanating at least in part from the TCR (15).

In a cancer context, previous studies have reported downregulation of adhesion molecules on tumor cells and tumor-infiltrating T cells (TILs) contributing to the defective formation of a productive synapse (12, 16, 17). Non-lytic TILs purified from the murine adenocarcinoma MC38 had reduced cell surface expression of adhesion molecules CD2, CD8, and LFA-1 (17). Likewise, in patients with colorectal, endometrial or ovarian cancer, CD8+ TILs displayed low expression of CD2. Finally, the adhesion molecule ICAM-1 is frequently downregulated by cancer cells which might prevent CD8 T cells to kill their targets (16).




Importance of the LFA-1 - ICAM-1 axis in CAR T-cell responsiveness

Within the CAR-T immune synapse, the relevance of adhesion/costimulatory molecules has received little attention so far. However, very recent publications are putting a new light on determining the role of adhesion molecules and in particular on ICAM-1.

We have found that CAR T-cell initial activation was strongly dependent on the expression level of ICAM-1 on tumor cells (18). By comparing the ability of CD20 and EGFR CAR T cells to increase intracellular Ca2+ (Ca2+)i during interaction with their respective targets - B lymphoma and tumor pancreatic cell lines - we reported that EGFR CAR T cells presented fewer responses than CD20 CAR T cells. Using an antibody screen to identify the origin of this differential CAR T cell responsiveness, ICAM-1 was found to be highly expressed at the surface of the Raji B lymphoma cell line whereas in two different carcinoma cell lines (BxCP3 and EGI-1) the surface expression of ICAM-1 was very low. In addition, analyzing malignant B cells from chronic lymphocytic leukemia patients our data indicated that the percentage of activated CD20 CAR T cells was positively correlated with the amount of ICAM-1 on cancer cells.

The role of LFA-1/ICAM-1 interaction in CAR T-cell activation was also highlighted in two recent studies. In the first, the authors exploited the property of the extracellular magnesium (Mg2+) to bind to LFA-1 and to stabilize its active conformation. Under low Mg2+ levels, CAR T-cell activation and cytotoxicity against tumor cells were considerably reduced. Most importantly, in lymphoma patients treated with CD19 CAR T cells, low serum Mg2+ levels correlated with a worse prognosis (19). Secondly, the importance of ICAM-1 expression on cancer cells for CAR T-cell activation was also revealed in a CRISPR-based screen performed in a multiple myeloma cell line. Knock out of ICAM-1 gene in tumor cells led to resistance to BCMA CAR T cells (20).

In line with these findings, it was shown that blocking LFA-1/ICAM-1 interaction with gene targeting strategies decreased CAR T-cell interaction with tumor cells as well as cytotoxicity and tumor growth control in mouse models (18, 21).



IFNγ produced by antigen-stimulated CAR T cells upregulates ICAM-1 and facilitates productive interaction with tumor cells

The importance of the LFA-1/ICAM-1 axis in CAR T-cell responsiveness was somewhat expected in light of its role in controlling the interaction between non-modified T cells and their targets. More surprising was the ability of CAR T cells to progressively strengthen their interaction with tumor cells that initially expressed low levels of ICAM-1 and to do so in an IFNγ-dependent manner (Figure 1). Such finding was made independently by several labs using different strategies.




Figure 1 | The interaction between CAR T cells and solid tumor cells is controlled by the IFNγ/ICAM-1 axis. (A) During initial interaction with solid tumor cells, CAR T cells secrete IFNγ which induces the transcription of the adhesion molecule ICAM-1. (B) ICAM-1 expression by solid tumor cells strengthens the adhesion with CAR T cells, resulting in tumor cell killing. Created with BioRender (Biorender.com)



We suspected the importance of IFNγ by performing a kinetic experiment during which fresh tumor slices were exposed for different times to EGFR CAR T cells. After 30 minutes and in agreement with our previous findings (22), engineered T cells were found in the stroma or in contact with cancer cells localized at the periphery of tumor islets. Strikingly, 20 hours later CAR T cells redistributed to tumor islets (18). This T cell enrichment in tumor cell regions was associated with a marked increase in ICAM-1 expression on tumor cells and was inhibited by a blocking monoclonal IFNγ antibody. Based on these results we proposed a two-step process of CAR T cell interaction with tumor cells. First, CAR T cells get activated at the periphery of tumor islets and start producing IFNγ. This inflammatory cytokine, in line with prior studies (23) upregulates ICAM-1 on tumor cells facilitating the formation of productive conjugates between CAR T cells and their targets.

By conducting a genome-wide CRISPR knockout (KO) screen in human glioblastoma cells, Larson et al. demonstrated the importance of IFNγ-signaling in tumor cells in CAR T-cell-mediated killing (24). After two days of co-culture with EGFR CAR T cells, resistant clones of tumor cells were enriched for loss of genes involved in IFNγ-mediated signaling, such as IFNGR1 and JAK1. The importance of the IFNγ pathway was confirmed by generating IFNγR1 KO glioblastoma cells which were more resistant to CAR T cell-mediated killing than wild-type tumor cells. The Maus lab generalized these findings to other solid tumors by performing in vitro but also in vivo experiments in xenografted mice. Using transcriptional profiling, Larson et al. found that tumor cells lacking IFNγR1 had lower upregulation of ICAM-1 after exposure to CAR T cells. Additional experiments showed that IFNγR signaling on tumor cells was required for sufficient adhesion of CAR T cells to mediate productive cytotoxicity. Here again, the connection between IFNγ produced by antigen-primed CAR T cells and the subsequent productive interaction leading to tumor cell death was demonstrated.

Strikingly, this mechanism turned out to be true for many solid tumors but not for hematological malignancies (24, 25). Conversely, IFNγ signaling in B-cell lymphoma has been associated with CAR T cell failure (26).



Exploiting IFNγ - adhesion pathways to make more efficient CAR T cells against solid tumors

For this process to be optimal, a large number of engineered T cells should infiltrate tumor islets to produce a high amount of IFNγ acting on cancer cells. In solid tumors, these mechanisms can be altered in several ways. One can mention, the presence of obstacles in the tumor stroma that impede T cells from reaching cancer cells (27) and will limit the amount of IFNγ produced.

Here, we review strategies that can be developed targeting the IFNγ and adhesion pathways.

The control of IFNγ production can be harnessed in different ways. First, the presence of a sufficient number of CAR T cells derived from the CD4 T cell subset is important knowing the propensity of helper T cells to produce IFNγ. Accordingly, results from previous clinical trials have shown that the therapeutic efficacy was optimal with defined infused CD4/CD8 cell ratios and superior to that of the subset alone (28). Along the same lines, T cells expressing CARs with a CD28 costimulatory domain have been shown to release higher quantities of IFNγ than T cells expressing 4-1BB-costimulated CARs (29). A comparison of the effects of CD28 and 4-1BB costimulatory domains in CAR T- cell activation and interaction with tumor cells remains to be conducted.

Adhesion molecules represent other promising targets to boost productive interactions between CAR T cells and tumor cells. The enhancement of CAR T-cell cytotoxic activity against tumor cells through the activation of LFA-1 with external Mg2+ constitutes an important proof-of-concept for such a strategy (19). However, this approach possesses limited clinical translation as it is difficult to fine-tune external Mg2+ levels in tumors. A small molecule activator (7HP349) of the integrins LFA-1 and VLA-4 attracts attention. This compound has recently been shown to promote T cell recruitment in cold tumors and to increase the efficacy of CTLA-4 blockade in mice (30). In addition, several negative regulators of LFA-1 activity have been identified (31) offering the possibility of genetically targeting (CRISPR/CAS9) these determinants in CAR T cells to boost their adhesion with tumor cells.



Questions and conclusion

Several questions remain regarding the unique characteristics of this mechanism.


What are the roles of other IFNγ-induced genes in controlling CAR T cell efficacy?

IFNγ receptor signaling leads to an increase in the production of CXCR3 ligands, namely CXCL9, 10 and 11 which have the potential to promote the avidity of LFA-1 on T cells as well as to attract other immune effector cells to the tumor site. In this context, Using an ex vivo 3D tumor model Ronteix et al. (32) have shown that the first T cells contacting tumor cells initiated a positive feedback loop that accelerated the recruitment of other T cells to the tumor spheroid in agreement with the secretion of a T cell-attractant factor.

Apart from acting on tumor cells, IFNγ produced by antigen-stimulated CAR T cells has been shown to reprogram the tumor microenvironment leading to beneficial effects on CAR T cells (33). Of note, IFNγ can spread long distances (several hundred microns) acting on tumor cells not expressing the antigen (34, 35) with the potential to promote antigen spread and the generation of tumor-specific T-cell responses.

On the other hand PD-L1 upregulation by IFNγ can contribute to immune evasion and approaches to combining CAR T cells with PD-1/PD-L1 blockade have produced promising results even in hard-to-treat cancers (36).



What is the structure of the synapse formed between CAR T cells and tumor cells?

Initial studies have reported a disorganized immunological synapse formed between CAR T cells and tumor cells (37) which might reflect the initial, suboptimal conjugates between both cell types. Moreover, whereas CAR’s simple architecture affords much flexibility in clinical applications it limits the extent to which CAR reproduce the complexities of the TCR signaling responses (38, 39).

Based on recent findings discussed here showing a strengthening of the adhesion, we assumed that the synapse formed between CAR T cells and tumor cells will evolve over time and get structured due to ICAM-1 upregulation and interaction with LFA-1. Of interest, integrins including LFA-1 have been shown to exert forces at the synapse enabling correct degranulation of cytotoxic T cells (40).



What is the clinical relevance of these findings?

All studies discussed here were performed in preclinical models. Due to the presence of molecular aberrations in the IFNγ signaling pathways, many cancer patients do not respond to immune checkpoint blockade strategies (41). Whether such mutations contribute to explaining CD19 CAR T-cell failure in patients remain to be demonstrated.



Are other adhesion molecules important in controlling CAR T cell-mediated killing?

Although the aforementioned studies focused on the role of ICAM-1, other adhesion pathways might also be operative in CAR T cell-target cell interaction. One group has recently reported that the loss of the adhesion/costimulatory molecule CD58 (the ligand of CD2) at the surface of tumor cells from large B-cell lymphoma patients is associated with CD19 CAR T-cell failure (42). Likewise, CD58 has also been identified in a recent CRISPR–Cas9 loss of function screen performed in a CD19 CAR T cell-leukemia cell co-culture model (43). Notably, CD58 is frequently downregulated not only in large B-cell lymphomas but also in multiple other lymphoid malignancies (44) suggesting that this tumor cell-intrinsic resistance mechanism might be frequent.

In carcinomas, we reported that EGFR CAR T cells preferentially get activated in contact with tumor cells localized at the periphery of tumor islets (18). Although low for ICAM-1, these tumor cells highly express the integrin α6β4. A blocking anti-β4 antibody partially decreased the initial CAR T-cell activation during interactions with peripheral tumor cells which suggests a role of this integrin (18). Clearly, more investigations are needed to confirm the participation of this adhesion molecule as well as other adhesion pathways (e.g., CD103 (αEβ7)) during the initial CAR T cell-tumor cell interaction.

In conclusion, these recent findings highlight an emerging theme that we should not just consider CAR T cells as only killers but also as modifiers of the TME through the production of IFNγ. In turn, these changes result in improved CAR T-cell antitumor activities. Overall, these recent reports demonstrate the importance of studying dynamic T cell-tumor cell interactions in identifying novel mechanisms to boost the efficacy of the CAR T-cell strategy against solid tumors.
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When killing through the granule exocytosis pathway, cytotoxic lymphocytes release key effector molecules into the immune synapse, perforin and granzymes, to initiate target cell killing. The pore-forming perforin is essential for the function of cytotoxic lymphocytes, as its pores disrupt the target cell membrane and allow diffusion of pro-apoptotic serine proteases, granzyme, into the target cell, where they initiate various cell death cascades. Unlike human perforin, the detection of its murine counterpart in a live cell system has been problematic due its relatively low expression level and the lack of sensitive antibodies. The lack of a suitable methodology to visualise murine perforin secretion into the synapse hinders the study of the cytotoxic lymphocyte secretory machinery in murine models of human disease. Here, we describe a novel recombinant technology, whereby a short ALFA-tag sequence has been fused with the amino-terminus of a mature murine perforin, and this allowed its detection by the highly specific FluoTag®-X2 anti-ALFA nanobodies using both Total Internal Reflection Fluorescence (TIRF) microscopy of an artificial synapse, and confocal microscopy of the physiological immune synapse with a target cell. This methodology can have broad application in the field of cytotoxic lymphocyte biology and for the many models of human disease.
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 1 Introduction

Cytotoxic lymphocytes (cytotoxic T lymphocytes and natural killer cells) are responsible for the immune surveillance of intracellular infections and transformed cancerous cells. The lymphocyte recognises a target cell, forms an immune synapse and releases toxic cargo of effector proteins, the pore forming protein, perforin, and pro-apoptotic serine proteases, granzymes (1). Perforin forms transmembrane pores specifically on the target cell (2, 3), and this allows diffusion of granzymes into the target cell cytosol, where they initiate various apoptotic cascades.

The most conventional strategies for studying immune interactions between cytotoxic lymphocytes and their targets are bulk assays - various cytotoxicity tests and a degranulation (CD107a externalisation) assay - which are limited to averaged values over thousands of effector-target interactions and immunological synapses. Whilst these assays certainly have their place, spatio-temporal information, which can elucidate details of individual synapses that otherwise remain hidden, is often required to better understand biological mechanisms. Thus, single cell microscopy of synapse formation has created key findings in multiple fields of T cell biology research (4–9). The detection of granule components released from individual cells has also been achieved with high resolution, mostly in fixed samples (10, 11) or once granule components have been captured on a stimulatory surface and the cytotoxic lymphocytes removed (12, 13), and only recently have they been detected using live human cells (14).

Time-lapse microscopy has identified the exact moment of perforin and/or granzyme delivery to the target cell and the initiation of apoptotic cascades (15). This allowed for temporal measurements of key events that determine the formation of a functional immune synapse, such as target cell recognition by a lymphocyte as determined by calcium flux, perforin-mediated target cell permeabilization, granzyme-mediated apoptosis, lymphocyte detachment from the target, serial killing and others (2). Importantly, these in vitro time-lapse microscopy experiments have relied on an indirect measurement of perforin pore formation (influx of Propidium Iodide) to identify murine perforin release. Other single cell microscopy studies have also demonstrated the ability of cytotoxic lymphocytes to perform serial killing in vivo (16), and shown a role for additive cytotoxicity of CTLs when targeting non haematological solid tumours (17).

Of course, an ideal system would allow the detection of unmodified endogenous proteins, but in live cell imaging this is technically challenging. For human T (14) and NK cells (12), fluorescently labelled anti-perforin antibody (clone δG9) was used to detect secreted endogenous perforin within SupraMolecular Attack Particles (SMAPs). Detection of human perforin within target cells after NK cell attack has also been demonstrated, however the authors concede this was only seen in ‘a few’ cells (18). Another study utilised the combination of two anti-human perforin antibody clones (CE2.10, δG9) as a coverslip bound capture system to detect perforin once it had been secreted from NK cells (13). However, for murine perforin, these same systems cannot be applied successfully due to the low abundance of perforin in T cells (19) and the lack of sufficiently sensitive antibodies. Indeed, the clearest imaging of murine perforin to date has required Bouin’s fixation and antibody staining for 16 hours at 4°C (19). Although the use of human cells is of course the most relevant to understanding human disease, many experimental systems almost exclusively rely on murine models.

It has been well documented that the unstructured carboxy-terminus of perforin is important for protecting the cell from perforin cytotoxicity (20, 21) and, at the same time, it is proteolytically cleaved inside the secretory vesicles (21, 22). Therefore, any “traditional” carboxy-terminal fusion of perforin with a reporter peptide is likely to be cleaved inside the secretory vesicles prior to its release into the synaptic cleft.

In order to bypass the problematic carboxy-terminal processing of perforin, we have developed a novel strategy, where we engineered a stable, short and compact (α-helical) ALFA-tag peptide (SRLEEELRRRLT) (23) at its amino-terminus, immediately after the signalling peptide (24). We found that, when secreted outside CD8 T cells, ALFA-PRF fusion protein is recognised by highly specific fluorescently labelled nanobodies, and can be detected within artificial and physiological immune synapses formed, respectively, on anti-CD3/CD28 coated glass coverslips (using TIRF microscopy) and antigen-presenting target cells (using spinning disk confocal microscopy). This approach opens an exciting array of possibilities for investigating fundamental and applied biology of cytotoxic lymphocytes.


 
2 Materials and equipment

 
2.1 Generation of DNA constructs

 	 a. Synthesis of ALFA-PRF-WT and ALFA-PRF-TMH (Integrated DNA Technologies) 

	 b. MSCV-IRES-TagBFP plasmid 

	 This is an MSCV-IRES-GFP template (Addgene, Plasmid #20672), where GFP was replaced with TagBFP 

	 c. Lifeact-mScarlet fusion possessing 5’ EcoR1 and 3’ Age1 restriction enzyme cut sites (Integrated DNA Technologies) 




 
2.2 Transfection of Hek cells

 	 a. Maxi Prep DNA stocks of both packaging vectors and DNA constructs at around 5µg/µl 

	 b. CaCl2 1M 

	 c. HEBS Buffer (HEPES buffered saline) 





2.3 Transduction of primary Murine T cells

 	 a. Non T.C. treated 6 well plates 

	 b. Retronectin (Takara Bio, Shiga, Japan) 

	 c. PBS -/- (no Ca2+/Mg2+) 

	 d. 0.45µM Filters 

	 e. RPMI-1640 media (Gibco, Massachusetts, USA) 

	 f. Heat Inactivated Foetal calf serum (hi-FCS) 

	 g. GlutaMAX™ (Gibco, Massachusetts, USA) 

	 h. Penicillin/Streptomycin 

	 i. Sodium Pyruvate 

	 j. Non-Essential Amino Acids 

	 k. 2-mercaptoethanol 

	 l. Recombinant Human Il-2 

	 m. SIINFEKL peptide 




 2.4 Flow cytometry sorting of transduced T cells

 	 a. Flow cytometry sorting machine equipped with both Blue (405nm) and Red (561nm) lasers 




 
2.5 Live cell TIRF imaging of T cells upon CD3/CD28 activation in presence of FluoTag.®-X2 anti-ALFA nanobodies

 	 a. Ibidi µ-Slide 18 well 1.5H glass bottom chamber wells (Ibidi, Martinsried, Germany) 

	 b. Purified Hamster Anti-Mouse CD3ε (Clone 145-2C11) (BD Biosciences, New Jersey, USA) 

	 c. Purified Hamster Anti-Mouse CD28 (Clone 37.51) (BD Biosciences, New Jersey, USA) 

	 d. DMEM media (Gibco, Massachusetts, USA) 

	 e. Heat Inactivated Foetal calf serum (hi-FCS) 

	 f. GlutaMAX™ (Gibco, Massachusetts, USA) 

	 g. FluoTag®-X2 anti-ALFA Atto 488 OR Alexa-647 nanobodies (NanoTag Biotechnologies GmbH, Göttingen, Germany) 

	 h. Zeiss Elyra microscope (Or any microscope with dual/tri colour live cell TIRF capabilities) 




 
2.6 Live cell spinning disk confocal imaging of T cell-target cell interactions in the presence of FluoTag.®-X2 anti-ALFA nanobodies

 	 a. Ibidi µ-Slide 18 well 1.5H glass bottom chamber wells (Ibidi, Martinsried, Germany) 

	 b. SIINFEKL peptide 

	 c. Lifeact-eGFP EL4 target cells 

	 d. DMEM media (Gibco, Massachusetts, USA) 

	 e. Heat Inactivated Foetal calf serum (hi-FCS) 

	 f. GlutaMAX™ (Gibco, Massachusetts, USA) 

	 g. FluoTag®-X2 anti-ALFA Alexa-647 nanobodies (NanoTag Biotechnologies GmbH, Göttingen, Germany) 

	 h. Nikon SoRA spinning disk microscope (Or any microscope with fast three colour live cell z-stack imaging capabilities) 




 
2.7 Image processing and analysis

 	 a. Zen Black and Zen Blue software 

	 Or the software interface of whichever microscope system is used to capture the images 

	 b. FIJI/ImageJ software 

	 c. Imaris software 

	 d. Microsoft Excel software 

	 e. Graph pad Prism software 





 
3 Methods


3.1 Generation of DNA constructs

 	 a. Clone ALFA-PRF-WT cDNA into an MSCV-IRES-TagBFP plasmid between EcoR1 and Xho1 restriction digest sites. 

	 b. Clone ALFA-PRF-TMH cDNA into an MSCV-IRES-TagBFP plasmid between EcoR1 and Xho1 restriction digest sites. 

	 c. Clone Lifeact-mScarlet fusion sequence into MSCV-IRES-GFP (Addgene, Plasmid #20672) between EcoR1 and Age1 (hence removing the fluorescent reporter of the vector) 



 Avoid the use of Sal1 enzyme for Lifeact-mScarlet cloning as mScarlet possesses an internal Sal1 cut-site. 


 
3.2 Transfection of HEK293T cells

Utilise standard calcium phosphate transfection (25) of HEK293T cells to produce viral supernatants of the following constructs: MSCV-IRES-TagBFP, MSCV-ALFA-PRF-WT-IRES-TagBFP, MSCV-Lifeact-mScarlet.


 3.3 Transduction of primary murine CD8+ T cells

 	 a. Utilise standard CTL transduction protocol (26) to transduce freshly isolated OTI splenocytes. To create double transduced cells, make 1:1 combinations of viral supernatents (either Lifeact-mScarlet + Empty TagBFP, or Lifeact-mScarlet + ALFA-PRF-WT-TagBFP) before addition of viral supernatant to the retronectin plate. 

	 b. Stimulate T cells with 10nM SIINFEKL peptide and 100U/ml Il-2 in in T cell media (RPMI-1640 supplemented with 10% hi-FCS, 2 mM GlutaMAX™, 1mM sodium pyruvate, 100 µM non-essential amino acids, 50 µM 2-mercaptoethanol and penicillin/streptomycin)for 3 days at 37°C and 5% CO2. 

	 c. After 3 days, wash the cells 3x at 500xg (4 minutes) and put back into culture at 500,000 cells/ml in T cell media containing 100U/ml Il-2. 




 3.4 Flow cytometry sorting of transduced T cells

Both the Empty TagBFP and ALFA-PRF-WT-TagBFP expressing cells are cell-sorted for equal fluorescence intensity of the TagBFP reporter and Lifeact-mScarlet.

 	 a. Collect TagBFP/Lifeact-mScarlet double positive cells (405/561nm excitation laser wavelength) 

	 b. Set sort gates to collect double positive cells with approximately equal mScarlet and TagBFP mean fluorescence intensity (MFI) from both empty vector and ALFA-PRF-WT expressing cells. 

	 We have observed an unusual phenomenon whilst using the combination of very bright Lifeact-mScarlet and the TagBFP constructs - a severe (and unusual) bleed through from mScarlet to BFP channels. It is critical to run single colour controls of each fluorophore to allow for appropriate compensation. Please see  Supplementary Figure 1  for details. In the case that only perforin and actin need to be visualised, we suggest considering alternative fluorophore combinations of Lifeact-GFP and FluoTag®-X2 anti-ALFA Alexa 647. 

	 c. Wash sorted cells twice in complete media (500xg, 4 minutes) 

	 d. Resuspend at 500,000 cells/ml in T cell media supplemented with 100U/ml Il-2, and continue culturing at 37°C and 5% CO2 




 
3.5 Live cell TIRF imaging of T cells upon CD3/CD28 activation in presence of FluoTag.®-X2 anti-ALFA nanobodies

a. Preparation of the anti-CD3/CD28 coated glass coverslip bottom chamber

 	 i. On the day before the experiment, coat Ibidi µ-Slide 18 well 1.5H glass bottom chamber wells (Ibidi, Martinsried, Germany) with 100µl of anti-CD3 (10µg/ml)/CD28 (5µg/ml) in PBS -/-. Leave at 4 degrees overnight. 

	 ii. On the day of the experiment wash the anti-CD3/CD28 coated wells twice with 200µl of PBS -/- (no Ca2+/Mg2+) 

	 iii. Transfer the Imaging chamber to the slide holder on the Zeiss Elyra microscope 

	 iv. Turn on Tokai Hit microscope heating stage and ensure C02 is supplied 

	 v. Select a 100x lens (alpha Plan-Apochromat 100x/1.46 Oil DIC M27 Elyra) and apply lens oil (optimised for use at 37°C) 

	 vi. Move lens/oil into contact with the bottom of the glass coverslip bottom chamber slide 

	 vii. Allow microscopy chamber to heat equilibrate for at least 1 hour 

	 viii. Transport a heat block to a bench located close to the microscope and set to 37°C 



b. Preparation of the Microscope for TIRF imaging

 	 i. Set up the microscope to image in TIRF mode using 3 separate colour channels (488nm, 561nm and 642nm laser lines) 

	 ii. Set laser power as appropriate, in our system these settings were as follows: 

	 1. Track 1 (488nm laser): 0.3% 

	 2. Track 2 (561nm laser): 0.1% 

	 3. Track 3 (642nm laser): 0.4% 

	 iii. Set tile scan to 2x2 (25% overlap, no online stitching applied) 

	 iv. Set frame average 2 

	 v. Set zoom to 1 

	 vi. It is difficult to describe optimal TIRF angles that will work across all systems, however the settings used in our experiments were as follows: 

	 1. Track 1 (488nm laser): TIRF mirror angle = 62.49 Collimator = 2019 

	 2. Track 2 (561nm laser): TIRF mirror angle = 61.97 Collimator = 2022 

	 3. Track 3 (642nm laser): TIRF mirror angle = 61.97 Collimator = 2079 

	 vii. We advise the user to run a trial experiment at the start of the day, to optimise the detection of secreted proteins by altering the TIRF mirror angle and TIRF collimators. 



c. Preparation of the nanobody/antibody solution

 	 i. Dilute to 50nM (1:50 stock dilution) FluoTag®-X2 anti-ALFA Atto 488 nanobodies (NanoTag Biotechnologies GmbH, Göttingen, Germany) in complete Gibco DMEM (10% FCS, 2mM GlutaMAX™) 

	 ii. Keep an appropriate amount of these master stocks in the dark on ice, so they can be used throughout the imaging session across multiple samples 

	 When using Ibidi µ-Slide 18 well 1.5H glass bottom chamber wells this technique uses 100µl of antibody mix per sample. 



d. Preparation of the cells for imaging

 	 i. Count T cells from each group 

	 ii. Transfer 250,000 cells to a 1.5ml epindorf tube 

	 iii. Centrifuge cells (500xg, 4 min) and resuspend in 150µl of the nanobody/antibody mix 

	 iv. Incubate cells at 37°C for 10 minutes (ideally on a heat block located in close proximity to the microscope, to reduce thermal drift of the microscope stage upon addition of the cells to the imaging chamber) 



e. Imaging release of perforin from T cells via TIRF

 	 i. Remove the PBS from the chamber above the lens and immediately replace with the cells which have been kept at 37°C 

	 ii. Set timer for 3 minutes 

	 iii. In these 3 minutes, whilst the cells sediment on the bottom of the chamber, close the lid to the microscope and locate the cells using the bright field light 

	 iv. Turn on the 561nm laser line and focus on the cells 

	 To obtain an accurate focus at the plain of the coverslip in this early stage of imaging, focus on the small punctate signals in the lifeact-mScarlet signal corresponding to the scanning microvilli of the T cells reaching down to interact with the coverslip (See  Supplementary Figure 2  ) 

	 v. After 3 minutes has elapsed and the cells are in focus, take the first tile image by selecting ‘Start Experiment’. This is t=0 

	 vi. Set timer for 45 minutes 

	 vii. Image at regular timepoints for the remaining 45 minutes, manually focusing the lifeact-mScarlet signal before each image is acquired (For this study, images were taken every 5 minutes) 




 3.6 Live cell spinning disk confocal imaging of T cell-target cell interactions in the presence of FluoTag.®-X2 anti-ALFA nanobodies

a. Preparation of the Lifeact-GFP EL4 target cells

 	 i. On the day of the experiment label approximately 2 million Lifeact-GFP expressing EL4 cells with 1μM SIINFEKL for 1 hour at 37°C. 

	 ii. After 1 hour, wash cells 3 times with complete media 

	 iii. Resuspend cells at 1 million/ml and place in one well of a 12 well plate. This becomes the stock of SIINFEKL labelled lifeact-GFP expressing EL4 target cells which can be used for the remainder of the imaging session. Because the target cells are adhered using serum free media, it is necessary to adhere the target cells separately before each well/experiment is imaged. 



b. Preparation of the Microscope for time lapse Z stack imaging.

 	 i. Turn on microscope heating stage to 37°C and ensure C02 is supplied 

	 ii. Allow microscopy chamber to heat equilibrate for at least 2 hours 

	 iii. Select a 60x oil lens (Plan Apo λ 60x Oil) and apply lens oil 

	 iv. Transfer an Ibidi µ-Slide 18 well 1.5H glass bottom chamber well imaging chamber to the slide holder 

	 v. Move lens/oil into contact with the bottom of the glass coverslip bottom chamber slide 

	 vi. Set up the microscope to image in spinning disk confocal mode (single sona mode) using 3 separate colour channels (488nm, 561nm and 642nm laser lines). 

	 vii. Set laser power as appropriate, in our system these settings were as follows: 

	 1. Track 1 (488nm laser): 5% 

	 2. Track 2 (561nm laser): 15% 

	 3. Track 3 (638nm laser): 30% 

	 viii. Set exposure times as appropriate, in our system these settings were as follows: 

	 1. Track 1 (488nm laser channel): 100ms 

	 2. Track 2 (561nm laser channel): 100ms 

	 3. Track 3 (638nm laser channel): 100ms 

	 ix. Set binning to 2x2 



c. Preparation of the nanobody/antibody solution

 	 i. Dilute to 50nM (1:50 stock dilution) FluoTag®-X2 anti-ALFA Atto 488 nanobodies (NanoTag Biotechnologies GmbH, Göttingen, Germany) in complete Gibco DMEM (10% FCS, 2mM GlutaMAX™) 

	 ii. Keep an appropriate amount of these master stocks in the dark on ice, so they can be used throughout the imaging session across multiple samples 

	 When using Ibidi µ-Slide 18 well 1.5H glass bottom chamber wells this technique uses 100µl of antibody mix per sample. 



d. Preparation of the cells for imaging

 	 i. Take 200µl (200,000 cells) of the SIINFEKL pulsed Lifeact GFP EL4 target cells and centrifuge in a 1.5ml epi tube 

	 ii. Resuspend in 100μl of Serum Free media 

	 iii. Add this 100μl to one well of the 18 well imaging chamber 

	 iv. Allow to incubate on the microscope at 37°C for 20 minutes 

	 v. In this time, transfer 25,000 Cherry Tubulin expressing T cells to a 1.5ml epindort tube 

	 vi. Centrifuge cells (500xg, 4 min) and resuspend in 100µl of the nanobody/antibody mix 



e. Imaging release of perforin from T cells via Spinning Disk Confocal

 	 i. Remove the serum free media from the Lifeact GFP EL4 cells (which will have now adhered to the bottom of the chamber) and immediately replace with the Cherry tubulin expressing T cells in presence of Fluo-Tag X2 Anti-ALFA 647 

	 ii. Set the microscope to perform a 13.5μm Z-stack with 300nm step size, centred on the middle of the EL4 target cells 

	 iii. Choose ‘no delay’ time interval setting, which depending on the exact imaging settings should image an entire z-stack at least once every minute 

	 iv. Run experiment for 1-1.5 hours, then repeat in a new well with freshly adhered target cells. 




 
3.7 Image processing and analysis

 	 a. Within Zen Black program, open the tiled images and stitch them together using ‘Stitch’ function 

	 b. Open these Stitched images within Zen Blue software and export the images in bulk as OME TIFFs 

	 c. Open the OME TIFF images from the chosen experimental timepoint within FIJI/ImageJ software 

	 d. Separate the individual colour channels of the images 



 
3.7.1 Image-Stacks–’Stack to Images’

 	 e. Using the Lifact-mScarlet channel, manually draw cell borders across the entire field of view, and save these regions for each sample using the Region Of Interest (ROI) manager 

	 At this point, blind the samples before any cell regions are drawn (to avoid potential bias). Adjust the brightness/contrast display of the actin image as you draw the regions to allow for identification of both bright and dull cells 

	 f. To avoid measuring perforin signal from cells that are partially obscured by the edge of the field of view, note for later exclusion any of these border regions 

	 Once any regions located on the edge of the field of view have been noted for exclusion in an unbiased way, the samples can be unblinded 

	 g. Open the ALFA-PRF (Atto 488) channel of ‘Empty Vector’ control image and determine the highest pixel value present within the synapse regions of this group. To do this, go to ‘set measurements’ and select ‘Min/max grey value’ and then measure the regions. From the results, choose the highest grey value within the regions as the threshold level to subsequently apply to the ‘ALFA-PRF’ images 

	 When creating display images, this threshold value can also be used as the lower bound for brightness/contrast settings, to avoid the display of dull background signal from unbound FluoTag®-X2 anti-ALFA nanobodies (which is always present but much duller than the signal of bound Fluo-Tag® X2 Anti ALFA nanobodies). 

	 h. Before applying the threshold to the samples of interest, it is necessary to apply the following global setting on FIJI/ImageJ: 

	 If ‘black background’ is left selected, the later measurements will not correctly ‘limit to threshold’, giving false area values for the perforin signal. 





3.7.2 Process – Binary – Options – Uncheck ‘black background’

 	 i. Now the threshold value can be applied to create an 8-bit image of the ALFA-PRF channels for the other samples of interest. First create a duplication of the image, and then apply the threshold so that the only signal left in these images is that which is brighter than the brightest signal in the empty vector control: 

	 Proceed immediately from this threshold step to the area measurement, without saving and re-opening the image. Depending on the local settings of the FIJI/Image J program, measuring from the previously saved image can affect the ‘limit to threshold’ function. 




 
3.7.3 Adjust – Threshold – Set – Apply

 	 j. Transfer the previously saved cell border regions to the ALFA-tag perforin channel using the ROI manager 

	 k. Specify measurement parameters: 




 
3.7.4 Set measurements – check both ‘Analyse Area’ and ‘limited to threshold’

 	 l. Measure these values for each of the samples and collect the data in a Microsoft excel spreadsheet, clearing the FIJI/Image J measurement results table after each sample. 

	 m. Finally, within Microsoft excel, exclude any regions which you have previously marked for exclusion (Step 6g), and transfer the remaining values into a Graphpad Prism file to be plotted as a Column graph 

	 n. Final data will be a measure of perforin area per cell 

	 If a final value of Perforin signal as a percentage of cell area is preferred, simply perform two measurements, with and without ‘Limited to threshold’ applied. Then divide the ‘limited to threshold’ value by the not limited to threshold value and multiply by 100. 

	 o. (Optional) If AVI movies are required to display the perforin release over time, the following workflow can be followed: 

	 i. Separate each experiment group’s OME TIFF’s into individual folders 

	 ii. Use ‘Stack to Images’ function to separate each image into individual colour channels 

	 iii. Adjust Brightness/Contrast to a set level across all images 

	 iv. Save the individual channels with correct Brightness/Contrast settings 

	 v. Select ‘Color- Merge channels’ to re-create a multichannel image 

	 vi. Change image type to ‘RGB color’ 

	 vii. Save this Merge image for each timepoint 

	 viii. Once all merge images have been created/saved, Import Image Sequence selecting the first time point to create a stack of all timepoints 

	 When tiled images have been collected and stitched for each timepoint, this automatic function will not work due to the slight difference in overall image size due to the stitching process. Instead, open each of the separate merge images and then apply ‘Images to Stack’, using ‘Copy Centre’ function 

	 ix. Add Scale Bar – analyse – tools-scale bar 

	 x. Add timestamp- image- stacks-timestamper 

	 p. Save as AVI – uncompressed- 2fps 






 4 Results

 
4.1 Overview of the ALFA-PRF technique

We have developed a novel technique to visualise perforin release during degranulation of murine CD8 T cells. Thus, a nanobody recognition tag cloned onto recombinant perforin (retrovirally transduced into the cells alongside a fluorescent actin or tubulin reporter) was detected by highly specific fluorescent nanobodies present in solution during synapse formation. The versatility of this approach is demonstrated by ALFA-PRF detection using both TIRF imaging of T cells forming synapses with a stimulatory anti-CD3/CD28 coated surface, and spinning disk confocal imaging of T cells forming synapses with antigen-presenting target cells. The perforin signal obtained using TIRF can then be quantified as an area measurement/cell using FIJI (27)/ImageJ software, and the perforin signal obtained using spinning disk confocal microscope can be visualised in 3D using Imaris software. The workflow of the technique is summarised in  Figure 1 , and a comprehensive validation of the system is detailed herein.

 

Figure 1 | Overview of the ALFA-PRF Technique. Virus produced from HEK293T cells transfected with either MSCV-ALFA-PRF-TagBFP (BFP +) or MSCV-Lifeact-mScarlet (mScarlet +) is pooled and used to transduce OT1 T cells on Day 0 of activation. After 3 days of activation, the transduced T cells are sorted via flow cytometry to collect a pure population of double positive (+/+) cells. These double positive cells are then utilised in one of two ways: 1) added to CD3/CD28 coated imaging chambers in the presence of FluoTag®-X2 anti-ALFA Atto 488 nanobody and imaged via TIRF for 45 minutes. Resultant images are exported as OME TIFFS and opened in FIJI/Image J. Channels are separated so regions can be drawn around the lifeact-mScarlet signal, and then these regions are transferred to the thresholded (to highest grey value within synapse area in the Empty Vector control) FluoTag®-X2 anti-ALFA Atto 488 Channel image. An area measurement limited to threshold is then performed to obtain a value of perforin signal (µm2/cell). 2.) Added to SIINFEKL pulsed EL4 target cells that are also transduced with Lifeact-GFP, in the presence of FluoTag®-X2 anti-ALFA Alexa 647 nanobody and the immune synapse interaction visualised by spinning disk confocal microscopy to generate 4D data. 




 
4.2 Cloning strategy

To avoid tagging perforin at the cleavable carboxy-terminus (21), we considered incorporating a tag into the amino-terminal region of perforin, where the tag would remain fused to perforin regardless of the action of proteases present in the secretory granules. Based on the crystal structure of perforin (28), we considered that a small amino-terminal tag was unlikely to interfere with perforin membrane binding or oligomerisation.

Instead of engineering a bulky fluorophore into the N-terminal position (which would almost inevitably have affected the properties and stability of perforin), or a short linear peptide, which could be degraded by the lysosomal protease(s), the small ALFA-tag recognition sequence (SRLEEELRRRLTE) (23) was chosen as an appropriate alternative. This compact (α-helical) sequence can be detected by fluorescently-labelled, highly specific, small and, potentially, easily diffusible into the synapse FluoTag®-X2 anti-ALFA nanobodies (23). Due to the presence of a signalling peptide at the amino-terminus of perforin (amino acid positions 1 to 20), we engineered the tag immediately after that cleavable region, at amino acid position 21. To minimise the chance of any potential interference from neighbouring secondary structures of perforin, an N terminal ALFA-tag was surrounded by proline residues at the amino- and carboxy- termini of the peptide (23), resulting in the sequence shown in  Figure 2A . Once the ALFA-tag had been engineered into the wild-type (WT) murine perforin sequence, we then cloned this construct into the EcoR1/Xho1 sites of the MSCV-IRES-TagBFP retroviral vector, resulting in the final DNA construct of MSCV-ALFA-PRF-WT-TagBFP. In addition to the wild-type construct, an amino-terminal ALFA-tag TMH ‘disulphide locked’ Prf mutant (26) was included as a non-lytic negative control (MSCV-ALFA-PRF-TMH-TagBFP), and an untagged wild-type (WT) Prf (MSCV-PRF-WT-TagBFP) was included as a positive control.

 

Figure 2 | WT ALFA-PRF retains cytolytic function. (A) ALFA-tag sequence flanked by prolines is designed to reside immediately following the cleavable signalling peptide of perforin is cloned into MSCV-TagBFP using the restriction enzyme cut sites EcoR1 and Xho1. (B) Transduction of non-cytotoxic Prf1-/- .OT1 T cells with PRF-WT and ALFA-PRF-WT restores their killing capacity, while ALFA-PRF-TMH (‘disulphide locked’ perforin mutant) and Empty Vector do not restore function. N=3-6, error bars represent s.e.m. Individual values are shown in  Supplementary Table 1 . 



 Prf1-/- .OT1 T cells were transduced with these constructs, sorted three days later to achieve equal TagBFP reporter expression level, and their ability to restore T cell cytotoxicity was assessed using a 51Cr release assay with syngeneic SIINFEKL-labelled EL4 targets. Whilst both the empty vector and the ALFA-PRF-TMH mutant had no cytotoxic activity, the ALFA-PRF-WT and the untagged PRF-WT control both restored function to similar levels ( Figure 2B ). This confirmed that the amino-terminal ALFA-tag did not affect the ability of perforin to form pores.


 
4.3 ALFA-tagged perforin is only detected upon its release from the cell

If the nanobody was endocytosed and able to reach the ALFA-PRF within the secretory vesicles before the T cell formed a synapse, distinguishing the intracellular and extracellular fluorescence of ALFA-PRF during degranulation might be extremely challenging. To test for this, cells expressing Lifeact-eGFP and ALFA-PRF-WT were labelled with LysoTracker-Red DND-99 (to detect vesicular compartment) and imaged via confocal microscopy in the presence of FluoTag®-X2 anti-ALFA Alexa 647 nanobodies but in the absence of the anti-CD3/28 stimulus ( Figure 3A .i.). Images were acquired in the middle plane of the cells, where LysoTracker positive granules could be seen. No FluoTag®-X2 anti-ALFA Alexa-647 fluorescence was detected within the lysotracker-positive compartments of either EV or ALFA-PRF-WT expressing cells, or inside the cells at all.

 

Figure 3 | ALFA-PRF-WT detection by fluorescent nanobodies corresponds to its release from the cell (A) i.) ALFA-PRF-WT and Empty vector (EV) expressing T cells were imaged via confocal microscopy at the plane of the nucleus on a non-stimulatory surface. No ALFA-PRF-WT signal (detected by FluoTag®-X2 anti-ALFA Alexa 647, shown in white) is present in the lysosomal compartments (labelled with LysoTracker Red DND-99). (A) ii.) 45 minutes after transferring the cells from (i.) onto a stimulatory CD3/CD28 surface and imaging via confocal microscopy using a 2µm stack with 200nm intervals centred on the synapse plane, ALFA-PRF-WT signal was only observed at the plane of the synapse formation, and not 0.8µm above; conversely, no lysotracker signal was detected at the plane of the synapse. No FluoTag®-X2 anti-ALFA Alexa 647 signal is observed in the Empty Vector control. Cells shown are representative images from each field of view. Scale bar = 5µm. Empty vector control - n=3 biological replicates (mice), ALFA-PRF-WT n=2 biological replicates. (B) 3D confocal microscopy timelapse montage of Lifeact-mScarlet/ALFA-PRF-WT positive T cells synapsing upon a CD3/CD28 coated glass coverslip surface. ALFA-PRF-WT signal (shown in green, detected by FluoTag®-X2 anti-ALFA Atto 488) is detected only at the plane of the coverslip. Time is shown in minutes and enlarged view of time 12.5 (right) is shown to display orientation markers. Image reproduced from (24). (C) i.) Lifeact mScarlet/ALFA-PRF-WT positive cells were imaged in presence of FluoTag® X2 anti-ALFA Atto 488 nanobody with imaging intervals of 5 seconds/frame. White arrow head indicates point of first ALFA-PRF-WT detection ii.) Time between initial actin clearance and Prf detection was measured for 11 cells, with a mean value of 202 ± 46 seconds (s.e.m., n=11). Scale bar = 5µm. For analysis, FluoTag® X2 anti-ALFA Atto 488 signal was thresholded to the maximum value within an Empty Vector control. Individual values are shown in  Supplementary Table 2 . 



These exact same cell groups were then transferred from the non-stimulatory microscopy chamber to a glass bottom chamber slide containing immobilised anti-CD3/CD28 antibodies, and imaged 45 minutes later across a range of approximately 2µm, centred on the plane of the coverslip ( Figure 3A .ii.). Whilst no FluoTag®-X2 anti-ALFA Alexa-647 fluorescence was observed in the empty vector group, punctate regions of bright FluoTag®-X2 anti-ALFA Alexa-647 fluorescence were observed in the ALFA-PRF-WT expressing cells. These punctate regions of fluorescence were located in the bottom plane of the cell within regions of actin depletion, which have previously been shown to be the location of granule secretion (29). This suggested that ALFA-PRF-WT release was only detectable upon synapse formation and degranulation. Similar results were obtained with the non-lytic ALFA-PRF-TMH ( Supplementary Figure 3 ). Interestingly, lysotracker did not colocalise with ALFA-PRF in the synapse plane. The inability to detect lysotracker in that plane could be due to the nature of the confocal imaging, as opposed to previous reports visualising lysotracker at the immune synapse using TIRF (4), and/or due the fact that ALFA-PRF was only detected after the release from the secretory vesicles into the synaptic cleft. Additionally, these images were taken 45 minutes after addition of the cells to the CD3/CD28 coated surface, when T cells may have already released their secretory vesicles, and/or endocytosed them away from the immune synapse.

To ensure the FluoTag®-X2 anti-ALFA nanobodies were indeed detecting only secreted ALFA-PRF, and not ALFA-PRF contained within granules inside the cell which have docked at the membrane, Lifeact-mScarlet/ALFA-PRF-WT expressing T cells were imaged via 3D confocal microscopy in the presence of FluoTag®-X2 anti-ALFA Atto 488 nanobodies whilst they formed synapses on a stimulatory CD3/CD28 coated glass surface. It was found that FluoTag®-X2 anti-ALFA Atto 488 signal appeared at the bottom plane of the cell ( Figure 3B ), rather than throughout the cell as would be expected if the nanobodies were bound to the ALFA-PRF within the granules which relocate towards the synapse.

As an additional control for internalisation of the nanobody, Lifeact-mScarlet/ALFA-PRF-WT expressing T cells were incubated for 1 hour with FluoTag®-X2 anti-ALFA Atto 488 nanobodies without exposure to CD3/CD28 (to allow for the same amount of internalisation as would occur during the standard imaging). Following extensive washing to remove any extracellular nanobody, these cells were then imaged via TIRF upon addition to CD3/CD28. Unlike the cells imaged in the presence of the nanobody, where FluoTag®-X2 anti-ALFA Atto 488 signal appeared and increased over time ( Supplementary Figure 4i ,  Supplementary Movie 1 ), no FluoTag®-X2 anti-ALFA Atto 488 was observed upon synapse formation in the washed cells ( Supplementary Figure 4ii ,  Supplementary Movie 2 ). It was thus confirmed that ALFA-PRF detection during synapse formation was in fact due to the release of ALFA-PRF from the cells.

Having established this, we then increased the temporal resolution of our imaging to allow measurement of the time between actin clearance from the synapse and perforin release. We found that the average time between actin clearance and the first perforin detection was 202 ± 46 seconds (s.e.m., n=11) ( Figure 3C ,  Supplementary Movie 3 ).


 
4.4 Quantification of ALFA-PRF release into the immune synapse

To demonstrate further applications of the nanobody-based system, we then proceeded to assess ALFA-PRF release from T cells at various conditions. For this, we chose to perform measurements at a single timepoint of 45 minutes, to allow for clear perforin detection across cells which had synapsed at various times during the incubation. To first establish a negative control for these microscopy experiments, we tested an inhibitor of T cell degranulation, a calcium chelator ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) by flow cytometry, which, as expected, efficiently inhibited exocytosis of the secretory vesicle ( Figure 4A ) without affecting cell viability. In the subsequent TIRF experiments, it was found that while untreated Lifeact-mScarlet/ALFA-PRF-WT-TagBFP double-positive cells were seen to release ALFA-PRF-WT ( Figure 4B .i top row,  Supplementary Movie 4 ), no ALFA-PRF-WT secretion was observed in the presence of 2.5mM EGTA ( Figure 4B .i middle row,  Supplementary Movie 5 ). Importantly, in agreement with previous studies using murine T cells (30), EGTA treated cells still formed a synapse, as confirmed by clearance of Lifeact-mScarlet signal indicating actin depletion ( Supplementary Figure 5 ). Cells expressing empty vector instead of ALFA-PRF-WT showed actin clearance without nanobody signal ( Supplementary Figure 6 ,  Supplementary Movie 6 ). As Prf1-/- .OT1 mice may not be available as readily as Bl/6.OT1 mice, we explored ALFA-PRF secretion in perforin-competent T cells, and found that the endogenous protein does not interfere with its release and detection in the immune synapse ( Figure 4B .i. bottom row;  Supplementary Movie 7 ). These images were analysed and quantified as described in Methods Section 6 ( Figure 4B .ii).

 

Figure 4 | Quantification of ALFA-PRF-WT released into the synapse. (A) Degranulation assay (detecting LAMP-1 externalisation) shows inhibition of degranulation at 2.5 mM EGTA. Individual values are shown in  Supplementary Table 3 . N=2 biological replicates (mice). (B) (i) First column: TIRF microscopy images of Prf1-/- .OT1 cells expressing Lifeact-mScarlet (Red) and ALFA-PRF-WT (Top and middle rows) or Bl/6.OT1 expressing Lifeact-mScarlet (Red) and ALFA-PRF-WT (bottom row) after 45 minutes incubation on an anti-CD3/CD28 coated surface to induce synapse formation. ALFA-PRF-WT expressing Prf1-/- .OT1 cells were untreated or treated with EGTA. ALFA-PRF-WT is detected by FluoTag®-X2 anti-ALFA Atto 488 nanobodies (green). Second column: Lifeact-mScarlet and ALFA-PRF-WT channels were separated, regions drawn around the cells (Lifeact-mScarlet signal) and cells on edge regions noted for exclusion (red crosses). Third column: Regions were then transferred to the ALFA-PRF-WT channel and the signal thresholded to the maximum grey value within cell regions on the ALFA-PRF-WT channel of the Empty Vector control image (Empty Vector control image is shown in  Supplementary figure 5 ). ii.) Thresholded images presented in i.) were analysed ‘limited to threshold’ to give values of perforin area per cell region. Mean values ( ± s.e.m. of n cells from one representative experiment) are: Prf1-/- .OT1 untreated - 5.045 ± 1.332 (n=32); Prf1-/- .OT1 +2.5mM EGTA - 0.006 ± 0.006 (n=27); Bl/6.OT1 untreated - 7.933 ± 2.772 (n=27). “n” refers to individual cells within the field of view, where regions were identified/excluded as per  Figure 5B .i. Individual values are shown in  Supplementary Table 4 , from one mouse. 



Next, we explored the release of ALFA-PRF in the context of the physiological immune synapse, in a similar manner to how Syb2-mRFP has been detected by anti-RFP antibodies previously (31). To test this, we employed Prf1-/- .OT1 CD8 T cells, which have been shown to form stable synapses due to their inability to kill the target cells (32) thus expanding the window of opportunity for imaging the synapse. The cells were co-transduced with Tubulin-mCherry and the non-lytic ALFA-PRF-TMH. Antigen-presenting (SIINFEKL) EL4 cells expressing Lifeact-GFP were immobilised on a glass cover-slip by briefly incubating them in the serum-free media. Effector cells were then added in a complete media, and images were collected over time using Spinning Disk confocal microscope. We detected synapse formation between the two cell types by the docking of the MTOC (Cherry-tubulin) at the point of contact with the target cells, and this was followed by the release of ALFA-PRF-TMH into the synapse (as detected by anti-ALFA Alexa-647 nanobodies) ( Figure 5  and  Supplementary Movie 8 ).

 

Figure 5 | ALFA-PRF-TMH release can be detected within a bona fide synapse between CD8 T cell and antigen presenting target cell (A) Side on montage showing release of ALFA-PRF-TMH (magenta) in the area between the polarised MTOC of mCherry-tubulin expressing Prf1-/- .OTI CD8 T cells (grey) and the Lifeact GFP expressing EL4 target cell (cyan). White arrow head indicates point of first ALFA-PRF-TMH detection. Synapse interaction shown is a representative example from three fields of view (containing >5 synapse interactions each) of two biological replicates (mice). (B) En face view of the synapse from timepoint 11:01 in a.) showing the location of the Perforin within the synapse area. For clarity, brightness and contrast of images has been altered. Scale bars = 5µm. 



Finally, having previously observed perforin-mediated disruption of the target cell membrane (using media supplemented with 100µM propidium iodide; Lopez, Blood 2013), but without visualising perforin itself (due to the lack of an appropriate methodology), we now wished to test whether ALFA-PRF and membrane disruption can be detected concurrently. To do this, we used Prf1-/- .OT1 CD8 T cells co-expressing Lifeact-GFP and ALFA-PRF-WT, and imaged their interaction with SIINFEKL antigen-pulsed and Hoechst-labelled EL4 cells in the media supplemented with 100µM Propidium Iodide and anti-ALFA FluoTag-X2 Alexa 647 nanobodies. Indeed, we were able to visualise ALFA-PRF-WT release just prior to propidium iodide influx into the target cells ( Figure 6  and  Supplementary Movie 9 ), thus providing a direct evidence that the target cell membrane disruption is dependent on the secreted perforin.

 

Figure 6 | Synchronisation of ALFA-PRF-WT release from CD8 T cell with permeabilisation of the target cell membrane. (A) Side on montage showing release of ALFA-PRF-WT (magneta) in the area within the ring of actin depletion in the Lifeact GFP expressing Prf ko OTI CD8 T cells (grey) and the Hoechst 33342 labelled EL4 target cell, just prior to PI blush (cyan). White arrow head indicates point of first ALFA-PRF-WT detection. Shown is a representative example from two fields of view (containing >5 synapse interactions each) of one biological replicate (mouse). (B) En face view of the synapse from timepoint 4:46 in a.) showing the location of the Perforin within the synapse area. Note, Hoechst 33342 was imaged only in the middle plane of the image, therefore was removed from display in this en face projection. Scale bars = 5µm. 





 5 Discussion

Increased understanding of T cell biology has led to many advances in medical research, with one of the most prominent examples being Chimeric Antigen Receptor (CAR) T cell therapy to combat various blood cancers (33, 34). However, the limited success of CAR-T cell therapy in other settings, such as treatment of solid tumours (35) highlights the fact that much still remains to be learnt about T cells fundamental biology. Many of these remaining unknowns involve the two key effector molecules of CD8 T cells, perforin and granzyme B. To understand these molecules better, model murine systems are often employed, where specific genes of interest can be knocked out and their effect on T cell function studied. Unfortunately, detection of murine perforin has remained a challenging issue for T cell biology researchers, due to both its low abundance in murine T cells, and the lack of a sufficiently sensitive antibody. To overcome this problem, we have developed a novel version of murine perforin incorporating an ‘ALFA-tag’ nanobody recognition sequence to the N terminal of the protein. This unique system avoids the otherwise problematic issue of perforin carboxy-terminal proteolysis (21), and in combination with a fast and sensitive imaging approach based on TIRF microscopy or other imaging techniques, such as spinning disk microscopy used here, also allows for the use of highly specific FluoTag®-X2 anti-ALFA nanobodies.

The use of nanobodies instead of traditional antibodies solves a potentially significant problem of size exclusion within the immunological synapse (36): since nanobodies (4x2.5nm) are considerably smaller than standard antibodies (10nm), they are expected to diffuse more readily into the synaptic cleft. With that said, anti-RFP antibodies (31) and fluorescently labelled Annexin (3) have both been shown previously to label proteins/lipids within the synapse area in live cell imaging. Additionally, we have recently used anti-GzmB antibodies to detect GzmB release within the synapse (24). While the detection of endogenous granzyme B may be attributed to its very high expression level and/or high affinity of antibodies, the use of a nanobody detection system may be more suitable for low abundance proteins such as murine perforin explored here, or similarly where no reliable antibody exists for the protein of interest.

We have hereby demonstrated the capability of the ALFA-PRF system to quantitatively assess perforin release from live T cells that have formed synapses on anti-CD3/CD28 coated glass coverslips. Using a series of comprehensive control experiments, we have also demonstrated that ALFA-PRF (both WT and TMH) can only be detected once it is released into the synapse. We show that the average time between actin clearance and ALFA-PRF-WT release was 202 seconds ( Figure 3C ii). This was remarkably consistent with a previous study exploring the release of the recombinant GzmB-TFP fusion protein from murine T cells on lipid bilayers (37). In this study, the time between initial CTL adhesion and vesicle secretion was found to be 285 seconds. However, the delay between CTL contact and actin clearance was estimated to be 106 seconds, so a timing of 179 seconds between actin clearance and perforin delivery was very close to the value of 202 seconds reported in the current study. This is also consistent with the previously measured time interval between calcium flux into the effector cell and perforin-mediated disruption of the target cell membrane (2). Importantly, the current experimental system is able to detect the release of ALFA-PRF not only from Prf1-/- .OT1, but also from the more readily available wild-type BL/6.OT1 mice. In conjunction with the simple workflow to produce the ALFA-PRF expressing cells, this makes our system highly accessible (and versatile) to many researchers in the field. Similarly, as the image analysis pipeline utilises the freely available image processing software FIJI/ImageJ, no expensive subscription analysis software is required to process the images.

Endogenous perforin expression level is relatively low in T cells, and this (as well as the lack of appropriate antibodies) may be the main reasons for not being able to detect perforin release into the immunological synapse. Therefore, in order to detect ALFA-PRF, we overexpressed it under a strong CMV promoter, and it is therefore likely that the levels of ALFA-PRF observed in this study are higher than endogenous protein. It is therefore possible that detection of ALFA-PRF may be hindered/reduced if ALFA-PRF were expressed at endogenous levels using a knock-in Mouse model. This is in contrast with a high endogenous level of of GzmB, and as a result its secretion can be readily detected by primary antibodies (24) or by using a knock-in mouse model (38). Nevertheless, by inhibiting CTL degranulation, we demonstrate that the current overexpression system is not “leaky”, and offers a reliable approach to assessing perforin secretion into the immunological synapse in real time.

With the ability to detect murine perforin secretion, we believe this paves the way to investigate novel aspects of secretory vesicle exocytosis. Although a detailed pursual of all possible measurements are outside the scope of this study, as a proof of principle we have shown the detection of ALFA-PRF released from CD8 T cells is not limited to an artificial synapse, and it can also be detected within a physiological synapse. Whilst we here provide the evidence using spinning disk confocal microscope, other experimental setups can be used for exploring bona fide synapse interactions. We anticipate that many further discoveries may now be possible using, for example, highly advanced four dimensional imaging systems such as that provided by Lattice Light Sheet microscopy (39), where it has already been demonstrated that T cells can be imaged during conjugation with target cells (29).

Overall, we present a novel methodology for direct, quantifiable measurement of perforin released from live murine T cells during synapse formation. This advancement should be useful in deciphering the behaviour of CTLs from various mouse models of disease, allowing differentiation of diseases where cytotoxic machinery is impaired and perforin not released (40, 41), to those where perforin is released but inactivated (24). More generally, the use of nanobodies for detecting low abundance protein secretion into the immunological synapse may be a viable strategy for an otherwise very challenging field of research.
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Regulated exocytosis is a central mechanism of cellular communication. It is not only the basis for neurotransmission and hormone release, but also plays an important role in the immune system for the release of cytokines and cytotoxic molecules. In cytotoxic T lymphocytes (CTLs), the formation of the immunological synapse is required for the delivery of the cytotoxic substances such as granzymes and perforin, which are stored in lytic granules and released via exocytosis. The molecular mechanisms of their fusion with the plasma membrane are only partially understood. In this review, we discuss the molecular players involved in the regulated exocytosis of CTL, highlighting the parallels and differences to neuronal synaptic transmission. Additionally, we examine the strengths and weaknesses of both systems to study exocytosis.




Keywords: synapse, CD8+ cells, cytotoxic T lymphocytes, neuron, exocytosis, endocytosis, SNARE proteins




1 Introduction

CD8+ cytotoxic T lymphocytes (CTLs) eliminate virus-infected or cancerous cells by releasing pore-forming perforin and proteases such as granzymes that induce apoptosis of target cells. These toxic substances are stored in lytic granules (LG), which undergo exocytosis upon T cell antigen receptor (TCR) signaling, releasing cytotoxic molecules at the contact zone with the target cells. This contact zone, where TCR-mediated signal transduction and secretory events take place, is named the immunological synapse (IS) (1). Exocytosis of LGs is a highly regulated process ensuring that the cytotoxins are delivered only to the target cell. LG exocytosis requires tethering, docking/priming and finally fusion with the plasma membrane. After exocytosis, the membrane of the granule is retrieved and recycled (Figure 1A). These steps are tightly controlled by a complex molecular machinery.




Figure 1 | Model of the exocytosis machinery. (A) Schematic representation of the steps that SVs and LGs undergo before and after fusion with the plasma membrane. For sake of clarity only selected proteins involved in this process are shown. More comprehensive protein-protein interaction networks are shown in (B–E). (B, C) Protein Interactions occurring during tethering (B) and docking/priming (C) of SVs in neurons. (D, E) Protein interaction required for tethering (D) and docking/priming (E) of LGs in CTL. Bottom legends applies to panels (B-E) The light green squares indicate the strong interaction of the t-SNAREs during tethering and of the entire SNARE complex during docking/priming. Lines indicate protein interactions, stippled lines show probable protein interactions. Black lines with blunt arrow correspond to inhibitory interactions.



Interestingly, very similar mechanisms govern neuronal synaptic transmission. The release of neurotransmitters by neurons is by far the most highly regulated form of exocytosis known. The speed, accuracy and temporal resolution found at synapses are unmatched. Due to their complexity and importance, the mechanisms involved have been the target of intense study. A variety of the molecules discovered at neuronal synapses have recently been found to have similar roles in LG exocytosis. Furthermore, a number of immunological deficits have been tied to mutations of proteins involved in neuronal synaptic transmission. The mechanisms underlying LG exocytosis in CTLs are not well characterized and their understanding has benefited greatly from the knowledge of synaptic transmission. The aim of this review is to describe the molecular process of neuronal synaptic vesicle release in neurons and compare it with that of LG exocytosis in CTLs. We highlight the similarities and differences between the two systems and identify gaps in our current understanding of these key cellular processes.




2 Regulated exocytosis in neurons

The core molecular machinery for membrane fusion is formed by the soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) proteins. They were discovered by R. Schekman in yeast (2) and J. Rothman showed that these proteins also exist in mammals where they perform similar tasks (3–5). Subsequently, their function was elucidated in neurons, by studying the effects of proteolytic clostridial neurotoxins, i.e. tetanus- and botulinum-toxins. These toxins specifically cleave SNARE proteins leading to a complete arrest of neurotransmitter release (6, 7). The resulting work demonstrated that the SNARE complex is a fusion machine, which provides the force that drives the fusion of synaptic vesicles (SV) with the pre-synaptic target membrane. The SNARE complex consists of a vesicular SNARE (v-SNARE), synaptobrevin, and two target SNAREs (t-SNAREs), syntaxin-1 and synaptosomal-associated protein 25 (SNAP-25), located on the plasma membrane. Synaptobrevin and syntaxin-1 contain one SNARE motif, while SNAP25 contains two. These coiled-coil motifs assemble into tight four-helix bundles called “trans”-SNARE complexes, which attach the SV to the presynaptic membrane. Induction of SV fusion with the plasma membrane requires the assistance of many other proteins in a well-coordinated fashion, as described thereafter.



2.1 The SV fate: from the reserve pool to fusion

The molecular mechanism of synaptic vesicle exocytosis is highly complex and is described in detail in excellent reviews (8–11). Therefore, it will not be repeated in this review. Here, we present an outline of the molecular events leading to SV fusion.

SV are maintained in a reserve pool by the mesh-forming synapsin (12). Under activation by Ca2+-calmodulin, this mesh dissolves releasing SVs that move toward the active zone at the pre-synapse along F-actin using myosin II or V as the motor protein (13–15). An overload of SV at the active zone is prevented by a dense cortical F-actin meshwork that functions as a semipermeable barrier, which dynamically regulates plasma membrane accessibility (16–18). This role of F-actin has been studied in great detail in neuroendocrine cells (see Meunier and Gutierrez (19) for review). Upon arrival at the active zone, SVs loosely attach to the plasma membrane by means of a tethering mechanism consisting of multilayered protein interactions (Figures 1A, B). The first tether consists of the active zone proteins RIM, RIM-binding protein, and Munc13-1 or Munc13-2, which attach to the SV via Rab3 (20–22). A second tether is generated by Munc18-1, which bridges the t-SNARE, syntaxin-1, and the v-SNARE, synaptobrevin2 (23, 24). Finally, it was proposed that synaptotagmin1 interacts directly with syntaxin-1 and SNAP25 thereby pulling the SV closer to the plasma membrane. However, while this last tether has been reported to attach secretory vesicles to the plasma membrane in neuroendocrine cells (25), its relevance at neuronal synapses is still under debate (26). SV proximity to voltage dependent Ca2+ channels (VGCC) is promoted by the t-SNAREs and Munc18-1 (27–29).

At this stage the SVs can be docked, i.e. primed. Nowadays, both terms describe the same step but they have been defined by different techniques. While docked SVs are defined by their direct contact with the plasma membrane in electron micrographs, priming of a vesicle corresponds to the ability of the SV to fuse with the plasma membrane as measured by functional assays (see 2.3). As the resolution of electron microscopy has improved, the analysis of electron micrographs has become more precise, and it is now accepted that docking equates to priming, which is why we refer to this process as docking/priming (30). For docking/priming, the v-SNARE synaptobrevin2 interacts with the t-SNAREs, SNAP25 and syntaxin-1 in a Munc18-1 and Munc13-1 or -2 dependent manner (Figures 1A, C). Indeed, while Munc18-1 forms a template for the SNARE complex, Munc13-1 or -2 is required to open syntaxin-1 allowing its interaction with SNAP25 and synaptobrevin2 (31–33). This corresponds to a loose docking/priming step in which the SNARE complex is only partially formed. Now synaptotagmin 1 that is partially bound to syntaxin-1, attaches to the entire SNARE complex, which is stabilized by complexin (34, 35) (Figures 1A, C). Finally, a steep increase of the presynaptic intracellular Ca2+ concentration, due to the opening of the VGCCs, induces the complete zippering of the SNARE complex and the dipping of the C2A domain of synaptotagmin 1 in the plasma membrane (36–38). Both actions pull the vesicle membrane close enough to the plasma membrane to induce fusion. Immediately after fusion the SNARE complex is disassembled by N-ethylmaleimide-sensitive factor (NSF) through its ATPase activity, with the help of SNAPs to allow v-SNARE recycling (39–41).

One should notice that SV docking/priming is assisted by several additional priming factors (Figure 1C). The Ca2+-dependent activator protein for secretion-1 (CAPS1) promotes priming via interaction with syntaxin-1 probably downstream of Munc13-1 or -2 (42, 43). Similarly, DOC2A and DOC2B interact with syntaxin-1, Munc18-1 and Munc13-1 or -2 to promote exocytosis in a phorbol ester- and Ca2+-dependent manner (reviewed by Pinheiro et al. (44)). Finally, snapin binds to synaptotagmin enhancing its interaction with the SNARE complex, thereby stabilizing SV priming and enhancing exocytosis at low intracellular Ca2+ concentration (45–47). Few proteins inhibit docking/priming. The most prominent is probably tomosyn (STXBP5) that competes with Munc18-1 for its interaction with syntaxin-1 (48) and additionally binds to SNAP25 thereby forming a dead-end tomosyn-SNARE complex (49, 50).




2.2 Vesicle pools and recycling

In order to allow for a sustained high rate of neurotransmitter release, each of the steps leading to SV fusion is carried out simultaneously by numerous synaptic vesicles. These form individual pools of tethered vesicles and/or docked/primed vesicles ready for exocytosis. This ensures that docked/primed vesicles are released within 1 ms after depolarization of the pre-synapse. However, since primed vesicles are fully release-ready, they must be prevented from fusing. This task is performed by complexin, which not only stabilizes the fusion machinery but also has a regulatory function (34, 35). Furthermore, the tethered and the reserve pools allow a steady replenishment of readily releasable vesicles (51–53). A tight coupling between exo- and endocytosis ensures maintenance of these pools to sustain neurotransmitter release, and homeostasis of membrane composition (54–56). In so-called kiss-and-run exocytosis, the fusion of SVs with the plasma membrane is transient and the membrane of the vesicle does not mix with the plasma membrane (57, 58). On the contrary, in the full fusion mode, the SV membrane completely integrates in the plasma membrane. An ATP dependent dynamic assembly of filamentous actin, involving N-WASP and formin, appears to be required for this type of fusion (59). The membrane components of the SVs are recycled via classical clathrin-mediated endocytosis, fast endocytosis or bulk endocytosis. The mode of endocytosis depends on the strength of the stimulus, i.e. the pre-synaptic Ca2+ concentration, and the amount and the speed of SV fusion (60, 61). Finally, SV filling with neurotransmitter occurs on site via specific transmembrane transporters.




2.3 Main methods to study neurotransmission

This complex model of the exocytosis machinery at synapses was resolved through the combination of a wide array of techniques (Table 1). With biochemical techniques it was possible to define the minimum fusion machinery and to tease out direct molecular interactions. The core of these techniques involved in-vitro lipid mixing assays in which donor and acceptor artificial membranes are reconstituted with a variety of lipids and proteins and their fusion kinetics are analyzed [reviewed in Grothe et al. (62)]. Co-immunoprecipitation assays of the proteins involved in exocytosis coupled with site specific mutagenesis allowed precise determination of protein domain function. Additionally, crystallography of the full SNARE complex alone or in association with other proteins such as Munc18-1 have revealed in detail the amino acids involved in these inter-protein interactions [reviewed in Brunger et al. (63)]. The results obtained with these techniques were validated in the cellular environment by testing the effects of gene deletion or mutation on synaptic transmission. The classical approach to detect synaptic transmission is the measurement of postsynaptic currents in patch clamp experiments. This has provided the basis for our current understanding of exocytosis. Alternatively, the fusion of individual vesicles with the plasma membrane can be precisely assessed with high temporal resolution by membrane capacitance measurements (64, 65). However, this method can be applied only to very large synapses in very demanding experiments (66, 67). Therefore, almost all these experiments were performed on neuroendocrine cells (i.e. chromaffin cells) and the results were extrapolated to neurons (68–70). In addition, total internal fluorescence microscopy (TIRFM), which can visualize fluorescently labeled vesicles prior to and during release, allowed for more detailed assessment of tethering and docking/priming (71–73). In parallel, the impact of genetic modifications on the ultrastructure of synapses, i.e. on different vesicle pools, was analyzed by electron microscopy [(26, 74, 75); for review see Zuber and Lučić (76)]. One remaining problem was to understand how the proteins involved in exocytosis are organized at the pre-synapse. This was largely solved with the advent of super-resolution microscopy, such as stimulated emission depletion (STED) microscopy and direct stochastic optical reconstruction microscopy (dSTORM)/photo-activated localization microscopy (PALM) (77, 78), and CLEM experiments, in which super-resolution microscopy is combined with electron microscopy (EM) (79). Finally, live cell imaging of fluorescent markers allowed differentiation between events occurring during exocytosis, endocytosis or vesicle recycling. In early experiments, endocytosis was visualized using fluorescent dyes such as FM1-43, which are taken up in an activity dependent manner (80). Later, these experiments were performed with pH sensitive GFPs such as the super ecliptic pHluorin [SEP, Miesenbock et al. (81)] or RFPs, like pHuji (82), linked to the luminal domain of a SV protein such as synaptophysin [SypHy; Granseth et al. (83)]. In inactive synapses the fluorophore is located in the acidic SV lumen and is therefore quenched. Upon exocytosis the fluorescent protein is exposed to the neutral extracellular medium inducing a strong increase of its fluorescence. Upon endocytosis the pH sensitive fluorescent protein is re-internalized and quenched again by re-acidification of the SV lumen. As a result neuronal activity is visualized by fluorescence intensity variation at the synapses (84, 85).


Table 1 | Methods to analyze exocytosis.



Taken together, the last 25 years of intensive study of synaptic transmission have revealed in minute detail the components of the exocytotic machinery and the precise timing of protein interactions required for SV exocytosis. These studies of neuronal synapses preceded the description of the IS and resulted in key concepts of the molecular mechanisms of synaptic vesicle docking/priming that appear to be valid for other cellular models. We will now discuss how they can be adapted to describe LG exocytosis at the IS of CTLs.





3 Regulated exocytosis in cytotoxic T cells

How can this detailed knowledge of neurotransmission help us understand LG release at the IS? CTLs are part of the adaptive immune system. They circulate in the blood stream and patrol tissues and organs to detect infected cells and tumor cells. When CTLs detect a target cell for which they express a specific T cell receptor, they form a synaptic interface, i.e. the IS, with the target cell, and deliver cytotoxic molecules to the synaptic cleft via fusion of LG with their plasma membrane. This process is largely identical in CTL and natural killer (NK) cells. The main difference between the two cell types lies in the recognition of the target cells. For this reason, we will discuss the mechanisms of LG exocytosis using data obtained on both cells (86). The release of perforin and granzymes is a highly regulated process that is essential to kill the infected or malignant target cell. Indeed, loss of cytotoxicity in CTLs and NK cells results in an immune deficit, as is the case for the human immune disease, hemophagocytic lymphohistiocytosis (HLH) and familial hemophagocytic lymphohistiocytosis (FHL).



3.1 How a human disease helped to solve LG fusion mechanisms

The first indications that LG exocytosis shared similar features with SV exocytosis did not come from well-planned experiments but rather from clinical observations in patients affected by clinical syndromes such as FHL and HLH, which lead to reduced or abolished cytotoxicity of CTL and NK cells. The underlying causes of these defects are: 1. CTLs or NK cells lack or express a mutated form of the cytotoxic protein perforin (PRF1) causing FHL type 2 (87); 2. their cytokine production is impaired due to the mutations of either SH2D1A/SAP (coding for SLAM-associated protein), ITK (Tyrosine protein kinase) or CD27 (receptor for TNF) inducing FHL type 1 (88–90); 3. the biogenesis of LG is perturbed (gene mutation of LYST, AP3B1 or XIAP/BIRC4) (91–93); 4. Immune cells are unable to release LG content due to defective exocytotic machinery (94, 95). In the latter case, the mutated proteins include the SNARE protein, syntaxin11 (STX11, FHL 4) (96), and three tethering/priming factors Rab27a (RAB27A, Griscelli syndrome type 2), Munc13-4 (UNC13D, FHL 3) and Munc18-2 (STXBP2, FHL 5) (97–100). All these proteins are the same or isoforms of proteins involved in SV exocytosis. By the time they were discovered in CTLs, their function was elucidated to a large degree in neurons. Hence these results not only sparked the interest of immunologists but also of neuroscientists who had access to a large array of genetically modified mice in which these and other genes involved in exocytosis are deleted. Their interdisciplinary collaboration generated considerable advances in the understanding of LG release in CTLs and NK cells.




3.2 Methods to investigate LG exocytosis

The description of cell biological processes in immunology has historically been performed with a different repertoire of methods allowing high cell throughput (Table 1). Flow cytometry is of great importance for the characterization of heterogeneous cell populations but also for analyzing the expression of cell surface and intracellular molecules, and for the detection of cellular processes, such as exocytosis. A standard method for analyzing the LG exocytotic rate is the degranulation assay, which is based on flow cytometry. This method allows one to quantify the uptake of fluorescence-labeled antibodies raised against the intraluminal domain of lysosome-associated membrane protein 1 (LAMP-1, also named CD107a). When LG fuse with the plasma membrane, the intraluminal domain of LAMP-1 is exposed to the extracellular medium, and the anti-LAMP1 antibody contained in the medium can bind to it (101, 102). Hence, the brightness of the cell is then directly proportional to the number of exocytosed vesicles. This very potent method has been widely used to study LG exocytosis in CTL and NK cells from HLH or other immune-deficient patients (103). This flow cytometry based high throughput analysis generates solid results in a timely manner as thousands of cells can be screened rapidly. However, obtained results need to be interpreted with caution since LGs are only a fraction of the lysosomal compartments, all of which contain LAMP1 (104, 105). Population based functional assays should be used to complement the degranulation assay. One of these approaches is the killing assay, which measures the ability of CTL to kill target cells by quantifying signals from lysed target cells, such as lactate dehydrogenase release, surface phosphatidylserine expression, propidium iodide uptake or decay of fluorescence of intracellular dyes (106–109). The interpretation of these experiments must also take into account the ability of the CTL to kill via Fas-FasL that occurs via a different vesicular trafficking pathway (110).

While these methods were sufficient to identify proteins that are involved in LG release, they do not allow determination of their function during exocytosis. This limitation was solved via high resolution single cell imaging techniques such as confocal microscopy or TIRFM that allow the visualization of LG exocytosis in real time (104, 111, 112). In particular, TIRFM enabled the investigation of IS formation, docking/priming of LGs and their fusion kinetics. In these experiments the cells are seeded on glass slides or on supported lipid bilayers that display adhesion molecules and cognate peptide in the major histocompatibility complex (pMHC) or anti-CD3 antibody that triggers IS formation (113–116). The LGs are labeled with Lysotracker or more specifically via the expression an LG protein bound to a fluorescent protein. For example granzyme B-mTFP was used to monitor the release and diffusion of the LG content, while synaptobrevin2-mRFP allows observation of the fate of the fused LG membrane in the plasma membrane (104). In addition, using a pH sensitive label such as SEP or pHuji enables the precise measurement of the LG with the plasma membrane, fusion time, i.e. of the pore opening for the release of lytic components (81, 82). To obtain more detailed information about LG size and fusion kinetics, membrane capacitance measurement using patch-clamp electrophysiology was applied (117). However, adapting patch clamp electrophysiology to primary human CTLs has been extremely challenging and almost impossible for mouse CTLs. Hence this method will have limited use in the future. Live cell methods were complemented by the analysis of the IS ultrastructure with electron microscopy and CLEM (111, 118, 119). Finally, biochemical assays, such as lipid mixing assays, co-immunoprecipitation assays, or crystallography have been used to better understand the intrinsic properties of each protein involved in LG release (120).




3.3 Fate of LGs from IS formation to fusion

In contrast to neurons, the IS is not a long-lived structure in which vesicles are poised to exocytose. As a correlate the LGs are not organized in vesicle pools and the steps upstream from exocytosis are somewhat different in CTLs as compared to neurons. However, the overall sequence of events is similar, including the final transport of LG to the plasma membrane, the tethering and the docking/priming steps. The proteins mediating these steps are either identical or they are highly conserved paralogs from those proteins involved in synaptic transmission in neurons.

The IS is formed on demand upon recognition by the CTL through the TCR of the antigenic peptide associated to the major histocompatibility complex (pMHC) (1, 121). In NK cells, IS formation with the target cell is initiated by the combination of two signals. The first is a lack of MHC1 recognition (disinhibition), and the second is a positive signal from a variety of germline-encoded activation receptors that bind to proteins such as lectins or hemagglutinins on the target cell (122). Target cell recognition then triggers complex signaling cascade that leads to a rapid realignment of the Golgi complex and microtubule network by shifting the microtubule organizing center (MTOC) toward the IS and polymerizing microtubules toward the distal pole of the cell. Along these microtubule tracks, LGs and a variety of other organelles, such as multi vesicular bodies and mitochondria, move toward the IS. This function of the MTOC is important to ensure LG delivery to the IS but not for their exocytosis as such (123). Once close to the plasma membrane LGs switch their transport pathway from tubulin to F-actin through myosin IIa (124, 125), which is reminiscent of the transport of SVs to the active zone. Their final destination is the secretory domain of the central-supramolecular activation complex (c-SMAC). Similar to neurons, in CTLs actin also appears to form a barrier for LGs that prevents them from joining the IS. In fact, actin clearance at the c-SMAC is required for LG exocytosis. (112, 126). Thus, a fine balance in the density of the F-actin network appears to be required for LG secretion to occur (127).

Concurrent with LG transport, the plasma membrane at the IS adapts to become a platform for LG fusion. One of the modifications consist of an accumulation of Orai Ca2+ channels, that occurs simultaneously to an IP3/Ca2+ dependent activation and translocation of STIM proteins to the ER close to the IS. Activated STIM proteins interact with Orai, forming the store-operated Ca2+ release activated Ca2+ (CRAC) channel complex, which open leading to store operated Ca2+ entry (SOCE) (128–130). The resulting increase in cytoplasmic Ca2+ concentration is enhanced by nearby mitochondria (131, 132) ensuring synaptic activation (133, 134). The second modification ensures that the molecular components of the release machinery are at the right place. For that the t-SNARE syntaxin11, which is required for LG fusion, translocates to the IS and integrates into the plasma membrane in a VAMP8 dependent manner (135, 136). Membrane patches with syntaxin11 accumulation serve as hotspots for LG release. Whether SNAP23, the second t-SNARE, relocates to the plasma membrane during IS formation is not known.

At this stage the IS is ready for LGs to tether to the plasma membrane via two different protein complexes. The first is composed of Rab27a that associates with LG membranes in a GTP dependent fashion, the synaptotagmin like protein-2 (Slp-2) anchored in the plasma membrane and probably Munc13-4 (121, 137–139) (Figure 1D). The second consists of syntaxin11 at the plasma membrane and Munc18-2 as a bridge to the LGs (140). The identity of the LG protein to which Munc18-2 binds at this stage is elusive. By analogy to neuronal tethering of SVs, we speculate that it is a v-SNARE. This tether is likely the gateway for docking/priming in which SNARE complex assembly is initiated (Figure 1E). As indicated above, the t-SNAREs forming this complex are syntaxin11 (135, 141) and SNAP23 (96, 142), while the v-SNARE is VAMP2 in mouse and VAMP7 in human CTLs (118, 142). The SNARE complex assembly is mediated by Munc18-2 and Munc13-4. Similarly to the role of Munc18-1 in neurons, Munc18-2 is required in CTLs as a chaperone for syntaxin11 (140) and favors SNARE complex formation (120). The role of Munc13-4 is still under debate. Early studies showed that it is involved in a step prior to exocytosis in which recycling and late endosomal vesicles fuse to form LGs (143). More recent work demonstrated that Munc13-4 is required for priming (144). Whether Munc13-4 is required for opening syntaxin11 prior to SNARE complex formation is likely but not fully elucidated (145). Interestingly, the neuronal Munc18-1 and Munc13-1 are also expressed in human and mouse CTLs. Both can sustain LG exocytosis and they appear to have a compensatory role when Munc18-2 and Munc13-4 are deficient (140, 144, 146). Finally, upon increased Ca2+ concentration, the SNARE complex fully zippers and LGs fuse with the plasma membrane releasing perforin and granzymes into the synaptic cleft. The SNARE complex disassembly following fusion that is required for LG membrane recycling has not been investigated until now in CTL nor in NK cells.

The Ca2+-dependence of LG exocytosis has been described in many excellent reviews, so we will not address it here. Instead, we will discuss the identity of the Ca2+ sensor that assists the zippering of the SNARE complex. Mouse CTL express synaptotagmin 2, 7, 11 and 16 but only synaptotagmin 2 and 7 are Ca2+ sensitive (147). While synaptotagmin 7 is undoubtedly involved in LG exocytosis whether it is the Ca2+ sensor that triggers LG fusion with the plasma membrane is under debate (147–149). In fact, Sleiman et al. (147) showed that in mouse CTLs synaptotagmin 7 is rather involved in LG trafficking whereas synaptotagmin 2 might be the actual Ca2+ sensor for secretion. An alternative candidate is Munc13-4 as it contains Ca2+ binding N- and C-terminal C2 domains (C2A and C2B). Mutations of these C2 domains that alter their Ca2+ sensitivity, abolished LG exocytosis in NK cells (150). While the C2A domain participates in SNARE complex zippering, the C2B binds to the lipids of the plasma membrane upon increased Ca2+ concentration (145) possibly leading to the final pull on the vesicle membrane to induce fusion. Interestingly, in neurons Munc13-1 also plays an important role in calcium sensing albeit for a different function namely the replenishment of the RRP (151, 152).

Overall, the major steps that LGs undergo before fusing with the plasma membrane are the same as those that SVs must undergo for synaptic transmission. However, the timing of LG exocytosis is not as precise as SV in neurons. Whereas the latter occurs within milliseconds of the Ca2+ trigger, LG exocytosis takes minutes. Therefore, a smaller number of proteins seems to be required to control LG exocytosis.




3.4 Kinetic of fusion and content release

As for SVs, full fusion and kiss-and-run/kiss-and-stay modes can be detected for LG secretion in NK cells (153) while only full fusion was reported in CTL until now (105, 115). Furthermore, the fusion kinetics of full fusion events can vary. Estl et al. (105) found that LG stained through the expression of synaptobrevin2-pHuji showed a fluorescent signal that disappeared after fusion with the plasma membrane according to two different time courses. In 80% of the cases LG fluorescence disappeared in less than a second (300 ms in average, at 20°C). In the remaining 20%, fluorescence decay was much slower with an average time of 308 s. These two different membrane mixing behaviors might be explained by fast vs. very slow fusion pore dilation or by stable clustering of synaptobrevin2 in the plasma membrane at the fusion site. It will be interesting to elucidate whether F-actin, as in neuroendocrine cells, is involved in the expansion of LGs fusion pores (59). In contrast, all exocytosis events that were analyzed, showed a content release (labelled via granzyme B-mTFP expression) in about 300 ms. Events, in which content diffusion was much slower, were ignored from the analysis as it was questioned whether they corresponded to proper LG exocytosis. However, in a groundbreaking work, Bálint et al. (154) decisively expanded the view of LG exocytosis. They showed that granzyme B can be released as a soluble protein or within previously overlooked particles. The insoluble granzyme B particles were coined supramolecular attack particles (SMAPs). Subsequently, Chang et al. (119) showed that LGs can be divided in two different populations. While SMAPs were localized to multicore granules, diffusible granzyme B was found in classical single core lytic granules. The SNAREs involved in release of both types of LGs are probably identical because both harbor synaptobrevin2 on their surface (119). Whether tethering or priming factors are specific for each type of granule remains to be established.




3.5 LG recycling

CTLs actively move from one target cell to another, eventually killing a large numbers of target cells within minutes to hours. Killing one target cell, which requires the release of only few LGs, does not appear to need efficient LG recycling. However, this is not the case for CTLs that engage in serial/simultaneous killing of multiple target cells (155–157). Accordingly, the importance of LG endocytosis and recycling to sustain molecular signaling has been demonstrated (157, 158). The endocytic pathway was unraveled by following the clathrin- and dynamin-dependent endocytosis of the LG membrane protein synaptobrevin2. Like in neurons and neuroendocrine cells, LG endocytosis is promoted by the F-actin MyosinII complex (16, 159). Re-acidification of the endocytosed vesicle occurred within two minutes at 37°C (157). They were then recycled through early and late endosomes where they were refilled with granzyme B, and most likely with all other LG components, such as perforin and serglycin, to generate fully functional LGs. The endocytosed synaptobrevin2 containing granules rapidly mature by acidification of their lumen and reacquisition of cytotoxic proteins via late endosomes. Full recycling of LGs requires 30 to 60 minutes in mouse CTLs before they can be used for the next round of exocytosis (157). De-novo synthesis of key cytotoxic proteins perforin and granzymes in addition to interferon gamma and TNF-alpha is supported by mitochondria. In fact their depletion resulted in a significant reduction in the serial killing ability of CTLs (160). In NK92 cells some lytic components of the LGs, such as granzyme B and perforin, can be captured after exocytosis, recycled and reused for a second round of exocytosis, contributing to NK cell cytotoxicity (161, 162). Finally, as in neurons the coupling between LG exo- and endocytosis is mediated by Ca2+. In this context the calcium channel flower domain-containing protein 1, in short Flower, plays a major function (163). Flower deficient CTLs display a time-dependent block of LG endocytosis that is rescued by reintroduction of Flower in CTLs or by raising the extracellular Ca2+ concentration. Interestingly, a similar role for Flower has been demonstrated in neurons (164).

These findings show how CTLs, upon TCR triggering, combine several mechanisms, such as tight coupling of LG exo- endocytosis and mitochondrial-dependent cytotoxic protein translation, to maintain a constant supply of LGs during killing. This may be one of the many ways in which CTLs achieve a high per-capita killing capacity and therefore function as efficient serial killers (165). This feature may have tremendous importance in vivo for efficient clearance of tumors and viral infections.





4 Differences of LG fusion machinery compared to neurotransmission

Our understanding of LG exocytosis in CTLs has increased rapidly over the last two decades. As shown in the protein-protein network diagram (Figures 1C-E), a complex molecular machinery is required for LG exocytosis at the IS. However, the level of complexity is lower than in neurons. One reason for the differences between LG release at the IS and synaptic transmission in neurons could be the different time scale of each process. While synaptic transmission requires millisecond precision for SV exocytosis, LGs are released within minutes after IS formation. Thus, many proteins required to halt SV release and maintain SVs in a readily releasable state are probably not required in CTLs. In addition, the transient nature of the IS itself prevents unwanted LG release and controls the timing of exocytosis.



4.1 Requirement for docking/priming in LG exocytosis

As indicated above release of neurotransmitter requires a coordinated sequence of tethering and docking/priming factor interactions. Until now Munc18-2 and Munc13-4 have been identified in CTLs. To date no systematic study of other docking/priming factor expression has been performed in CTLs. We detected several additional putative docking/priming in CTL at the mRNA level (Figure 2). CAPS2e, appears to be the only CAPS isoform expressed in activated CTLs (Figure 2A). When examining CAPS2e function, CAPS2 knock-out CTLs did not show any changes in lysosomal compartment degranulation (data not shown). Since LGs are a subpopulation of lysosomes, presumably CAPS2e does not contribute to LG exocytosis. We further detected DOC2B mRNA in CTLs. This protein is of particular interest as it has been identified as a priming factor for lysosome secretion in mast cells (166). It is possible that it plays a similar function in CTLs. We also found mRNA of the transmembrane protein IA2 and the SNARE associated protein snapin at the mRNA level but have not investigated their function in CTLs (Figures 2B, C). Snapin is an interesting candidate as it has been shown to interact with SNAP23 (167), but it could be involved in lysosome recycling as well (168).




Figure 2 | CAPS2e, IA2 and snapin mRNA are found in mouse CD8+ T cells. (A) RT-PCR of murine naïve (d0) and day3 (d3) stimulated CTLs and spleen using primers specific for CAPS1 and all known CAPS2 splice variant as described in Nguyen Truong et al. (2014). Total RNA isolated from cerebellum was used as positive control, water was used as negative control and the housekeeping gene GAPDH as loading control. Note that only CAPS2e was detected in CTL and spleen. Data are representative of two independent experiments from two mice. (B, C) CTL mRNA expression profile of IA2 (B) and snapin (C) before and after 3 days of stimulation with anti-CD3/CD28 antibody-coated beads (d3). Unstimulated CTLs (d0) were harvested directly after CTLs isolation. Total RNA of adult mouse brain and kidney were used as positive control for snapin and IA2, respectively and H2O was used as the negative control for PCR. Data are representative of two independent experiments from two mice. See supplementary material file for materials and methods.



Whether LG exocytosis requires other docking/priming factors is not known. We speculate that this is not the case for 3 reasons. 1. The exocytosis process in CTLs is relatively slow. 2-3 minutes are needed between the time of IS formation and the release of the first LGs (105, 158). An ultra-rapid release of lytic granules has been described in human CTL as a key molecular mechanism of multiple target cell killing (149, 169). However, in this context lytic granule secretion, that precedes microtubule re-organization (123, 149), occurs within tens of second after CTL/target cell contact, a time frame still delayed when compared to neuronal synaptic transmission. 2. The timing of LG exocytosis is dictated by IS formation and the subsequent polarized accumulation of t-SNAREs at the plasma membrane (135, 136). 3. None of the individual vesicle pools have been detected in CTLs (117, 170). Therefore, presumably no protein is required to halt or maintain LGs in an intermediate release-ready state as is the case in neurons. As a consequence, proteins such as complexin or tomosyn might be unnecessary in this context.




4.2 Specific molecular players for LG release

An intriguing point is that LG exocytosis involves proteins with a function that is not required in neuron synapses. One example is Vti1b. This SNARE protein is involved in endosomal fusion events (171–173). Qu and colleagues demonstrated that docking of LG at the IS, requires tethering of LG with CD3-containing endosomes via Vti1b in human CTLs through an unknown interaction partner (174) (Figure 1D). They showed that in comparison to untethered LGs, LG tethering increased their dwell time at the IS and their release probability. Accordingly, downregulation of Vti1b reduced LG tethering, their docking at the IS, and target cell killing. However, Vti1b does not seem to directly mediate the final fusion step of LGs. It plays a role upstream of fusion, clearly affecting CTL cytotoxicity (174, 175). This is reminiscent of the function of VAMP8 or syntaxin7 in CTL (116, 136, 176).

Our interaction diagram clearly shows that many open questions remain (Figure 1). For example: is an interaction between CRAC channels and t-SNAREs required for perfect LG positioning prior to exocytosis? What is the Ca2+ sensor for LG exocytosis? What are the interaction partners for Vti1b? Systematic analysis of protein-protein interactions with pull-down assays or lipid mixing assays should be applied to CTLs (120) to shed light on these and other outstanding questions.




4.3 Calcium signaling

Ca2+ signaling differs significantly between the two synaptic types. First, different Ca2+ channels are involved. While in neuronal synapse Ca2+ enters the presynapse through VGCCs that inactivate relatively rapidly, in the immunological synapse Ca2+ permeates the plasma membrane via CRAC channel complexes which do not inactivate thanks to the buffering function of mitochondria (see section 3.3). This leads to distinct intracellular Ca2+ concentration ([Ca2+]i) increases. Stimulation of a neuronal synapse by one action potential induces a very short (> 10 ms), extremely localized (1-2 µm diameter) but steep (> 10 µM) [Ca2+]i increase, which is sufficient for the fusion of one to three SVs (177, 178). In addition, a typical action potential train at 10 Hz elicits a prolonged Ca2+ influx that phases out after a few seconds due to inactivation of VGCCs. The ensuing [Ca2+]i increase spreads from the active zone to the back of the synapse. In contrast, stimulation of CTL by a target cell induces a biphasic [Ca2+]i increase. First IS formation induces an IP3 mediated Ca2+ release from the endoplasmic reticulum raising the [Ca2+]i transiently. The Ca2+ concentration depletion in the endoplasmic reticulum then activates the CRAC channel complex causing a long lasting (minutes to hours) increases in [Ca2+]i (see section 3.3). The rise of [Ca2+]i is relatively uniform along the IS and can reach values of about 2 µM (133). The Ca2+ then spreads throughout the cytoplasm of the CTL. Some functions of Ca2+ are conserved in both cell types. In neurons it is undisputed that Ca2+ triggers the fusion of SV with the plasma membrane. Although this function is still under debate in CTLs, a large body of work indicate that this is also the case (see Kaschek et al. (179) for review). Additionally, Ca2+ promotes endocytosis allowing a tight coupling between exo- and endocytosis in both cell types. Other functions such as regulating cytoskeleton remodeling or vesicle transport are probably different.




4.4 Variability of LG ultrastructure and composition

The diversity of secreted organelles is an important difference between neuronal cells and CTL secretion. Neurons secrete SVs at synapses and large dense core vesicles (LDCVs) along the entire plasma membrane. Both organelles have well-defined shapes and sizes. The release machinery of LDCV is not fully understood, but appears to be very similar to that of SV exocytosis with some differences in docking/priming factors (180, 181). This is very different for CTLs. Not only do they release very different types of organelles via regulated exocytosis at the IS (Rab11-positive vesicles, LGs and MVBs), but even the LGs are diverse. As mentioned above, LGs can be divided into single-core granules, containing diffusible granzyme B, and multi-core granules, containing SMAPs (119, 154). The SCGs have a well-defined round shape with a diameter of 293 ± 8 nm, whereas the MCG are spheres with a more or less elongated shape of and their size is quite variable with an average diameter of 364 ± 12 nm. These shape and size differences could affect their fusion kinetics (182, 183). Furthermore, it is completely unclear whether they are released in parallel, at different times after IS formation, or upon specific stimuli. If the latter is the case, then different tethering or docking/priming factors should control the exocytosis of single vs. multi-core granules. Understanding the specificity of different LG release would be particularly important for fine-tuning the duration and intensity of lytic function of killer cells (119, 154).





5 Concluding remarks

Both the nervous and immune systems use synaptic contacts to transmit key intercellular information through regulated secretion of intracellular vesicles. They use a similar molecular machinery, with SNAREs at the core and Munc18 and Munc13 as the major facilitators. The protein paralogs in CTLs are different from those in neurons, but their individual domain structures are nearly identical, with the exception of Munc13. Thus, advancing knowledge of exocytosis in one system benefits the study of the other.

A great advantage of studying secretion in immune synapses over neuronal synapse is that human CTL are readily available and can be easily handled. Accumulated research findings in CTL reveal subtle differences in the mouse and human T cell secretory machinery. One example for this diversity is the v-SNARE of LG that is required for exocytosis: VAMP7 is used in human CTL, while VAMP2/synaptobrevin2 is used by mouse CTL (118, 142). VAMP7 is also expressed in mouse CTLs but its function remains to be determined. Similar interspecies differences have not yet been identified for synaptic transmission in the nervous system probably because human neurons are nearly inaccessible. This might change in the near future as human neurons can now be derived from induced pluripotent stem cells (184, 185). In the meantime research performed on human CTLs might be instrumental to shed new light on human neuronal synapses. Understanding interspecies differences is especially important when studying the effect of mutations like those found in FHL. Until now, mutations in Munc13-4, Munc18-2, Rab27a, syntaxin 11, SNAP23 have been regarded as knock out or knock down phenotype. However, the situation might be more complex as subtle alterations in the function of these proteins might contribute to multiple shades of synaptic transmission in immune cells and neurons. Other advantages of working with immune cells is the easier molecular manipulation of blood cells as opposed to nervous system tissue and the possibility to inspect lymphocytes using a panel of high-resolution imaging techniques difficult to apply to human neurons.

In conclusion, in our review, we discussed how “synaptic inspection” in neuroscience and immunology can learn from each other and how important it is to define the precise identity and function of the multiple proteins involved in both SV and LG secretion.
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Experimental methods

Gain of knowledge

Cell type; Application

Neurons

CTLs

Functional assays

Electrophysiology = Synaptic transmission

Membrane capacitance

Live cell imaging  Fluorophore uptake (for example EM1-
43). Wide field fluorescence

microscopy.

Overexpression of pH sensitive
fluorescent protein tagging a vesicular
protein. Wide field or TIRF
microscopy.

Fluorescent antibody uptake.
Antibody is directed against the
luminal part of a vesicular membrane
protein or to a tag directed toward the
lumen of the vesicle.

Killing assay Various techniques exist in which lysis
or apoptosis of target cells are
measured.

Flow cytometry | Degranulation assay based on LAMP1
recycling

ELISA Measure released protein activity

Structural information

Transmitter release

Vesicle fusion

Endo- and exocytosis

Labelling of vesicular content.

Content release and pre-
fusion steps

Used extensively; Easy to
implement.

Complex; Restricted to
large synapse

Relatively easy to
implement

NA for neurons but used
in neuroendocrine cells

NA

Complex, restricted to human CTL

Use with caution as it also reports
phospholipid scrambling

Labelling of granzyme B or perforin. pH
sensitivity of fluorophore is not mandatory

Labelling of a vesicular membrane protein. The fluorescent label is directed toward the vesicle lumen

Exo- endocytosis and
prefusion steps

Endocytosis

Release of content;
Assessment of its toxicity

Exocytosis

Release of content

Tagged proteins:
synaptophysin and
synaptobrevin.

Tag is mainly SEP.

Used extensively. Easy to
implement

Easy to implement: Used
with antibody against
synaptotagminl

NA

NA

NA

Tagged protein: synaptobrevin.
Tag are SEP or pHuji.
Used extensively. Easy to implement

Easy to implement: Used in combination
with the expression of synaptobrevin-RFP.
Antibody against the fluorescent protein.

Staining of cell death. Applicable for live
and fixed cells, depending on the selected
method

Easy to use
High throughput method

Easy to use. Commercially available. i.e.
Granzyme B activity kit.

Light microscopy = Colocalization experiments with super

resolution microscopy

Electron
microscopy

TEM, SEM and 3D tomography (i.e.
FIB-SEM)

CLEM or immunogold labelling

Biochemical assays

Localization of the
exocytotic machinery

Ultrastructure of the
synapse

Localization of proteins at
the synapse

Performed with STED or

dSTORM/PALM

Size of vesicle pools.
Localization of
endocytosis and recycling
vesicles.

Performed with SIM or confocal
microscopy

Organization of the IS. Localization of exo-
endocytosis and recycling vesicles.
Visualization of content release (SMAPs
and extracellular vesicles)

Applicable for both system in nearly the same manner.

Lipid mixing Reconstitution of donor and acceptor

assays membranes containing different
fluorophores. Mixing measured by
FRET

Immuno- Co-immunoprecipitation (also yeast

precipitation two hybrid)

assay

Immuno-isolation after subcellular
fractionation

Reconstitution of fusion
machinery. Fusion kinetics.
Identification of protein
domain function.

Identification of interaction
partners

Organelle identification and
purification

Identification of cognate
SNAREs. Measurement of
tethering and priming
factor activity.

Measurement of priming factor activity.

Applicable for both system in the same manner.

Applicable for both system in the same manner.

Note that all these methods can be combined with molecular biology methods to study the effect of mutations in proteins involved in exo- or endocytosis. NA refers to not-applicable.
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Live
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Dying
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Damaged
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Lytic synapse outcomes

Additive killing

Lethal hit transmission by
several CTLs causes death
signals accumulation in
target cell

Non-lethal

e

CTLs:

Polarized and fully activated
Ca®* elevation

Perforin discharge

Targets:
No Ca®* elevation
No Caspase-3 activity

Sub-lethal hit

Lethal hit

CTLs:

Polarized and fully activated
ca’* elevation

Perforin discharge

Targets:

Transient Ca’* elevation
Recovered membrane

No Caspase-3 activity

CTLs:

Polarized and fully activated
Ca** elevation

Perforin discharge

Targets:
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Intrinsic Apoptosis

Extrinsic Apoptosis

Pyroptosis

Ferroptosis

Triggering
event

Initiator
molecules

Executioner
molecules

Death
mechanism

Membrane
features

Molecular
features

Additional
notes

Inflammatory?

« Disruption of intracelular
homeostasis

* Direct cleavage of caspases
by granzymes

« Caspase-9 or granzymes

* Caspase-3 and -7

* Widespread intracelluiar
proteolysis

« Systematic demolition of
cellular components

« Intact plasma membrane

* PS exposure

« Formation, maturation, and
budding of apoptotic bodies

* Mitochondrial permeabilization
« Cytochrome C release

« TUNEL positivity

« DNA laddering

« Cleavage of caspase-3/7
substrates

* Secondary necrosis is possible
invitro (loss of plasma
membrane integrity)

* No (except secondary
necrosis)

« Ligation of death receptors (e.g.
Fas, TRAIL-R1/2) by cognate ligands
(FasL, TRAIL)

« Caspase-8 or -10

* Caspase-3 and -7

« Widespread intracellular
proteolysis

« Systematic demolition of cellular
‘components

« Intact plasma membrane

* PS exposure

« Formation, maturation, and
budding of apoptotic bodies

« TUNEL positivity
* DNA laddering

* Cleavage of caspase-3/7
substrates

+ Secondary necrosis is possible in
vitro (loss of plasma membrane
integrity)

* No (except secondary necrosis)

* Proteolytic cleavage and activation of gasdermins

+ Upstream proteases (granzymes or caspases)

+ Gasdermin family of pore-forming proteins

« Fatal membrane rupture following gasdermin pore formation

« Loss of membrane integrity following formation of gasdermin pores
* Formation of membrane blebs/pyroptotic bodies
* Rupture of pyroptotic bodies

« Release of intracellular components and inflammatory mediators (e..
damage-associated molecular patterns, cytokines, etc.) upon membrane
rupture

« Other features that resemble apoptosis inclucing DNA damage, TUNEL
positivity, PS exposure, ROS production and mitochondrial damage have
been noted in some systems

* Yes

« Disturbance in metabolic pathways that limit
formation of toxic lipid ROS

* Redox-active free iron (Fe*) o iron-
containing lipoxygenase enzymes that oxidize
membrane phospholipids

* Toxic lipid ROS derived from membrane
phospholipids containing oxidized
polyunsaturated fatty acid chains

 Membrane phospholipids are oxidized by
redox-active iron (Fe**) to form toxic lipid ROS
 Toxic lipid ROS fatally disrupt the plasma
membrane

 Accumulation of toxic ipid ROS at the
plasma membrane
« Loss of membrane integity

« Iron-dependent membrane oxidative damage
and loss of lipid peroxide repair mechanisms
(0. GPX4)

« Mitochondrial abnormaities (shrinkage and
loss of mitochondrial cristae)

 Can be inhibited by iron chelators and
lipophilic antioxidants

* Yes
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Stock solutions

2 M Tris, pH 8
2 M CaCl,

5 M NaCl

250 mM NiSO,

Buffer solutions

Name

His-binding buffer A
His-binding buffer B

EK Buffer
MonoS-binding buffer A
MonoS-binding buffer B

Components

250 mM NaCl, 50 mM Tris, 10 mM Imidazole pH 8.0
250 mM NaCl, 50 mM Tris, 1 M Imidazole, pH 8.0
164 mM NaCl, 50 mM Tris, 4 mM CaCl,, pH 7.4
154 mM NaCl, 50 mM HEPES, pH 7.4

1 M NaCl, 50 mM HEPES, pH 7.4
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NK Cytotoxicity
Process

Lytic Granule
Biogenesis

Cytoskeletal
regulation

Lytic Granule
Traficking

Lytic Granule Fusion
with the Membrane

Primary Immunodeficiency

Papillon-Lefévre syndrome
(PLS)

Familial hemophagocytic
lymphohistiocytosis type 2
(FHL2)

Hermansky-Pudlak syndrome
type 2 (HPS2)

Chediak-Higashi syndrome
(CHS)

Wiskott-Aldrich Syndrome
(WAS)

WASP-interacting protein
(WIP) deficiency
Dedicator of cytokinesis 8
(DOCKB) deficiency
Dedicator of cytokinesis 2
(DOCK2) deficiency
Coronin 1A deficiency
MYHO-related disease
(MYH9-RD)

Griscelli Syndrome type 2

Familial hemophagocytic
lymphohistiocytosis type 3
(FHL3)

Familial hemophagocytic
lymphohistiocytosis type 4
(FHL4)

Familial hemophagocytic
lymphohistiocytosis type 5
(FHL5)

Gene Protein
Mutated Affected
CTSC Cathepsin C
PFR1 Perforin
AP3B1 B3A-subunit of

adaptor protein
3
CHS1/ CHS1AYST
LYST
WASP WASP
WIPF1 WIP
DOCK8  DOCK8
DOCK2  DOCK2
CORO1A CORONIN 1A
MYH9 Myosin9 Myosin
lla heavy chain
Rab27a  Rab27a
UNC13D Munc13-4
STX11 Syntaxin 11
STXBP2  Syntaxin binding

protein 2

NK Cell Defects in Cytotoxicity

Impaired maturation of granzymes leading to impaired cytotoxicity

Normal LG degranulation but impaired cytotoxicity due to absence of the pore-
forming molecule

Impaired cytotoxicity with enlarged LGs

Enlarged LGs and impaired cytotoxicity due to defective degranulation (enlarged
LGs failed to pass through actin mesh at the CS? Impaired LG polarization?)
Impaired adhesion, reorganization of F-Actin, and LG polarization

No detectable WASP with reduced expression of NK cell activating receptors
Impaired adhesion, reorganization of F-Actin, and LG polarization

Defective RAC1 activation, CS formation, F-Actin reorganization, and impaired
degranulation

Impaired reorganization of F-Actin at CS impairing degranulation

Normal conjugate formation, LG convergence, and MTOC polarization but
impaired cytotoxicity due to defective lytic granule movement along F-actin at CS
Impaired cytotoxicity and degranulation due to defective Iytic granule docking at
the membrane

Impaired degranulation of docked Iytic granules due to impaired LG tethering to
membrane

Impaired degranulation due to defective LG priming and SNARE complex
assembly

Impaired degranulation due to defective LG priming and SNARE complex
assembly
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Treg Subtype

CD8*CD122*

CD8"Foxp3*

CD8'CD103*

CD8awr" IELs

CD4*CD8owx" IELs

CD8*CD28™*?

Source/Origin

Thymus derived

Ex vivo induced (iTreg)
Peripherally sourced (pTreg)

Ex vivo induced (iTreg)
Peripherally sourced (pTreg)

Thymus derived

Peripherally sourced (pTreg)

Peripherally sourced (pTreg)

Key Markers

CD122*
FoxP3*-
PD-1*
FoxP3*
CD25*
LagS*/'
CTLA-4*
PD-1*"
GITR*"
CD28*"
CD107a""

CD103"
Foxp3*"
CD25"™¢
CTLA-4"9
GITR™
PD-1"9
IL-10*
TFG-B*
CDB8ao.* CD8B"™?
TCRuB*
Foxp3™e
CD44*

CDe9*
CD103*
Lag3*
CTLA-4*
CD4*CD8oot™

CD28™?

Organism

Mouse

Mouse

Human

Mouse

Human

Mouse

Mouse

Mouse
Human

Functional Mechanisms

Fas/FasL dependent killing
IL-10 mediated suppression

+>- GzA/GzB dependent kiling

+>- perforin dependent kiling

Undefined contact-dependent suppression
+>- CTLA-4 mediated suppression

+<- IL-10 mediated suppression

CCL4 mediated suppression

+>- CTLA-4 mediated suppression

+<- |L-35 mediated suppression

+>- GzA/GzB dependent kiling

+>- perforin dependent kiling

Undefined contact-dependent suppression
+/- GzA/GzB dependent killing

Undefined contact-dependent suppression
+/- GzA/GzB dependent kiling

+/- IL-10 mediated suppression
+/- Fas/FasL dependent killing
+/- GzA/GzB dependent killing
+/- TRAIL/DRS5 dependent killing
+/- Perforin dependent killing

IL-10 mediated suppression
Perforin dependent killing
ILT3/ILT4 dependent kiling
GzA/GzB dependent kiling
granulysin dependent killing
ILT3/ILT4 dependent killing

References

(134-136)

(27, 63, 137, 138)

(27, 63, 139, 140)

(141, 142)

(27, 142, 143)

(144-150)

(151-153)

(154)
(156-161)

GzB, granzyme B; GzA, granzyme A; ILT3/ILT4, immunoglobulin-like transcripts 3 and 4; CCL4, chemokine (C-C motif) igands 4; IEL, Intraepithelial lymphocytes.

Symbols: +/- pathway or marker is shown to be intermittently applicable or inconsistently reported between multiple studies. +>- pathways is most often shown to be applicable. +<-
pathway is most often shown to be unnecessary of cell function.
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Treg Subtype Source/Origin Key Markers Organism

CD4* tTreg Thymus derived Foxp3*, CD4*, CD25", CD127° Mouse
Human
CD4 pTreg Peripherally induced Foxp3*, CD25", CD127° Mouse

often helios neg, Nrp1™°9
CD4 Tr1 Peripherally induced Foxp3"e? Mouse

Human

Functional Mechanisms

GzB dependent killing

+/- perforin dependent killing
TRAIL/DR5 dependent kiling
IL-10 mediated suppression
CTLA-4 mediated suppression
IL-2 deprivation

CD39/CD73 adenosine mediated suppression

Perforin dependent kiling
Partially GzB dependent kiling
IL-10 mediated suppression
CTLA-4 mediated suppression
IL-2 deprivation

Fas/FasL dependent kiling
GzB dependent kiling

Perforin dependent killing

GzB dependent kiling

IL-10 mediated suppression
GzB dependent kiling

Perforin dependent killing
IL-10 and TGF-B mediated suppression

References

(80-91)

(18, 92-98)

(99-101)

(15, 102, 108)

(19, 103-105)

GzB, granzyme B; TRAIL/DRS5, tumor necrosis factor related apoptosis ligand (TRAIL)/death receptor 5 (DR5) pathway.
Symbols: +/- pathway or marker is shown to be intermittently applicable or inconsistently reported between multiple studies.





