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Abstract

:

Simple Summary


Hepatocellular carcinoma (HCC) is the most common form of primary liver cancer and the fourth leading cause of cancer-related deaths worldwide. Although therapeutic options have improved in the last few years, mortality remains disturbingly high. The key role of innate immunity, particularly of natural killer (NK) cells, in tumor surveillance and response is well established. The anti-tumor NK cell activity is modulated by interactions between NK cells activating or inhibiting receptors and their ligands, expressed or released by tumor cells. Alterations in these networks lead to inadequate NK cell responses and a lack of cancer control. In our study, we focus on NK cells activating receptor DNAM-1 and its ligand CD155, expressed in HCC cells. We provide evidence of impaired NK cytotoxic function as a result of altered receptor/ligand axis. We conclude that this may represent a tumor escape mechanism and a possible target for new immunotherapeutic approaches to HCC treatment.




Abstract


Background: Natural killer (NK) cells play a key role in immune surveillance and response to tumors, their function regulated by NK cell receptors and their ligands. The DNAM-1 activating receptor recognizes the CD155 molecule expressed in several tumor cells, such as hepatocellular carcinoma (HCC). This study aims to investigate the role of the DNAM-1/CD155 axis in mediating the NK cell response in patients with HCC. Methods: Soluble CD155 was measured by ELISA. CD155 expression was sought in HCC cells by immunohistochemistry, qPCR, and flow cytometry. DNAM-1 modulation in NK cells was evaluated in transwell experiments and by a siRNA-mediated knockdown. NK cell functions were examined by direct DNAM-1 triggering. Results: sCD155 was increased in sera from HCC patients and correlated with the parameters of an advanced disease. The expression of CD155 in HCC showed a positive trend toward better overall survival. DNAM-1 downmodulation was induced by CD155-expressing HCC cells, in agreement with lower DNAM-1 expressions in tumor-infiltrating NK (NK-TIL) cells. DNAM-1-mediated cytotoxicity was defective both in circulating NK cells and in NK-TIL of HCC patients. Conclusions: We provide evidence of alterations in the DNAM-1/CD155 axis in HCC, suggesting a possible mechanism of tumor resistance to innate immune surveillance.
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1. Introduction


Poliovirus receptor (PVR, CD155) is considered a member of both the immunoglobulin superfamily, presenting an immunoglobulin domain V, a C1-like domain, and a C2 domain in the extracellular region [1] and of the nectin-like family, as it shares with this family three conserved motifs in the IgV domain [2]. CD155 is a multi-functional protein. Although it was first described as a poliovirus entry receptor [3] for its ability to allow attachment and entry of poliovirus in susceptible cells, PVR is also involved in several physiological functions, as a mediator of cellular adhesion, contact inhibition, cellular motility, proliferation, and survival [4]. The mRNA derived from the CD155 gene transcription is alternatively spliced into four isoforms: α and δ are transmembrane proteins, whereas β and γ are secreted as soluble forms, lacking the intracellular domain [5]. Unlike the CD155δ, which has a shorter C-terminus intracellular domain, the PVRα form contains an immunoreceptor tyrosine-based inhibitory motif (ITIM), responsible for signal transduction [6]. The soluble forms consist of the extracellular domain of the CD155 molecule and contribute to neutralizing the binding and entry of poliovirus into the host cells in vitro [7]. Although PVR expression is low or absent in most healthy tissues, in several human cancers, an upregulation of both membrane and soluble forms was observed and correlated with poor prognosis. For instance, in colorectal cancer, immunohistochemical (IHC) and mRNA analysis revealed an increased level of the CD155 protein compared, with tumor-free colon mucosa [8]. IHC analysis also showed a powerful expression of PVR in primary lung adenocarcinoma tissue [9]. Upregulated PVR mRNA and protein expression were found in primary and metastatic melanomas and correlated with disease progression [10]. The limited CD155 expression was found in non-neoplastic cells from several human pancreatic cancers, while it was abundantly expressed in cancer cells [11]. Moreover, patients with high PVR expression (over 50% CD155 positivity) showed poorer postoperative prognosis than those with low expression [11]. Again, when the CD155 isoforms were analyzed by quantitative real-time PCR (qPCR) in several tumor tissues, such as colorectal, gastric, and breast cancers, the expression of CD155α and CD155β was higher than that in the adjacent non-tumor tissues [12]. Levels of soluble CD155 (sCD155) were significantly higher in the sera of 262 patients with various cancers, including lung, esophageal, gastric, colorectal, bile-duct, pancreatic, breast, ovarian, endometrial, and cervical cancers compared with healthy donors, suggesting that sCD155 could be a potential pan-tumor biomarker [12]. Interestingly, the serum of patients with HCC also displayed a higher level of sCD155 compared to patients with intrahepatic cholangiocarcinoma or with liver diseases, such as cirrhosis or hepatitis B virus infection [13]. Among its several functions, CD155 regulates immune responses, which could play a critical role in immune surveillance of tumors. Indeed, PVR is the common ligand for CD96, T cell immunoreceptor with IG and ITIM domains (TIGIT), and DNAX-associated molecule-1 (DNAM-1) receptors. CD96 and TIGIT deliver inhibitory signals, whereas DNAM-1 delivers activating signals [14].



DNAM-1 is found in CD8+ T cells, cytokine induced killer (CIK) cells, and NK cells, [15] where it induces the release of cytokines, such as interferon (IFN)-γ, and stimulates their cytotoxic activity that ultimately lead to the apoptosis of tumor targets or infected cells [15,16].



The importance of the DNAM-1/CD155 axis in tumor control was first described in a mouse lymphoma model where a high expression of CD155 induced a robust response mediated by NK cells in a DNAM-1 dependent mechanism (reviewed in [16]). Moreover, mice lacking DNAM-1 were more susceptible to fibrosarcoma formation [17] and to metastasis spread due to defective NK cytotoxicity [18]. In humans, freshly isolated neuroblast susceptibility to lysis directly correlates with the surface expression of CD155 and either DNAM-1 or PVR masking with monoclonal antibodies, resulted in strong inhibition of tumor cell lysis [19]. A key role for DNAM-1 receptor engagement by CD155 was also demonstrated in the control of myeloma development [20].



Hepatocellular carcinoma (HCC) accounts for approximately 90% of primary liver cancers, usually developing in the background of cirrhosis. Besides surgery, liver transplantation, or loco-regional approaches, options for HCC treatment include first line (VEGF inhibitors) and second line (immune check-point inhibitors, ICI) medications, but mortality remains high, with an average 5-year survival rate of 20% [21].



Several studies pointed to the importance of innate immunity in the control of cancer, including HCC. In particular, changes in NK cell frequency and phenotype were described during HCC development in a transgenic mouse model of aggressive human liver cancer [22], and evidence showed a positive correlation between the frequency of circulating and intrahepatic NK cells and survival in patients with HCC [23]. Several alterations in phenotype and function of circulating and intratumoral NK cells are observed, being the NKp30- and NKG2D-mediated functionality deficient [24,25]. Interestingly, altered expression of CD155 in HCC tissues correlates with the prognosis of the disease. In fact, patients with HCC expressing CD155 have better overall survival after surgery than those with negative CD155 expression [26,27]. Thus, the evidence supporting a potential role of CD155 expression and the NK cell function in the HCC control prompted us to investigate the CD155/DNAM-1 axis in this disease.




2. Materials and Methods


2.1. Patients and Biological Materials


Paired peripheral blood and resected HCC specimens, along with matched non-tumor (NT) surrounding tissue, were obtained from patients admitted to Fondazione IRCCS Policlinico San Matteo, Pavia, IRCCS Humanitas Research Hospital, and ASST Santi Paolo e Carlo Hospital, Milan, Italy. Peripheral blood from a cohort of patients with cirrhosis but without HCC was obtained from Fondazione IRCCS Policlinico San Matteo. The main patient characteristics are listed in supplementary Table S1. Healthy donors (HD) comprised 7 females (23%) and 23 males (77%), with a median age of 50 years (range 36–71 years). Written informed consent was obtained from each individual. The study protocol complies with the ethical guidelines of the 1975 Declaration of Helsinki and was approved by our institutional ethical committee (protocol numbers: 201430031379, 20190081830).




2.2. ELISA


Serum levels of sCD155 were measured by a Human Poliovirus Receptor (PVR) ELISA kit (CUSABIO, cat. Number: CSB-EL019093HU) in patients and HD, according to the manufacturer’s instructions.




2.3. Immunohistochemistry


CD155 expression was evaluated by immunohistochemistry in 2 mm paraffin-embedded tissue sections. After deparaffinization and rehydration of the sections, antigen demasking was performed in an EDTA buffer (pH 9.0) at 98 °C (Dako). Endogenous peroxidase activity and unspecific binding sites were blocked with peroxidase-blocking solution for 15 min at room temperature (Dako). Slides were washed and incubated with an anti-CD155 antibody (clone 300907, 5 ug/mL, R&D) overnight. An Envision peroxidase (HRP)-conjugated secondary antibody (Dako) was applied for 30 min, and the positivity was developed with 3,3′-diaminobenzidine (Dako). Tissue sections were counterstained with Mayer’s haematoxylin. As a negative control, the primary antibody was omitted. Images were captured by light microscopy using an Olympus BX51 microscope.




2.4. DNAM-1 Downregulation Experiments


Freshly peripheral blood mononuclear cells (PBMCs) (1 × 105) from HDs were co-cultured overnight alone, in the presence of 1 × 105 CD155+ Huh7.5 cell line or primary HCC cells, and with supernatants of Huh 7.5 or HCC primary cell cultures. The co-cultures were also performed in the Transwell® system (Corning, NY, USA). The percentage of DNAM-1+ NK cells and the expression of DNAM-1 in NK cells were evaluated in each condition by flow cytometry. HD NK cells were enriched freshly from PBMCs by using the EasySepTM Human NK cell Enrichment Kit (Stemcell Technologies, Vancouver, BC, Canada), according to the manufacturer’s instructions.




2.5. siRNA-Mediated Knockdown


Silencer® Select siRNA (Thermo Fisher Scientific, Waltham, MA, USA), designed to knock down the CD155 gene expression, and a Silencer® Select negative control siRNA were used to a final RNA concentration of 10 nM. Sequences are: (5′->3′) sense GGCUAUAAUUGGAGCACGAtt and antisense UCGUGCUCCAAUUAUAGCCtg.



The HepG2 cell line and HCC primary cells were reverse transfected following the manufacturer’s instructions. siRNA knockdown was assessed by flow cytometry. PBMCs (1 × 105) from HDs were co-cultured overnight alone, with 1 × 105 siRNA-CD155 transfected HepG2 or HCC primary cells, and with siRNA-control transfected HepG2 or HCC primary cells. The DNAM-1 modulation was evaluated as a percentage of DNAM-1+ NK cells and mean fluorescence intensity of DNAM-1 in NK cells in each condition by flow cytometry.




2.6. Isolation of Peripheral Blood Mononuclear Cells and Tissue-Infiltrating Lymphocytes


PBMCs and tissue-infiltrating lymphocytes were isolated as previously described [24]. Briefly, PBMCs were obtained by Lympholyte (Cedarlane, Burlington, ON, Canada) density gradient (1.0770) centrifugation following the manufacturer’s instructions. To isolate liver-infiltrating lymphocytes (LIL) and tumor-infiltrating lymphocytes (TIL), tissue samples were treated by enzymatic and mechanical dissociation with the human Tumor Dissociation Kit and gentle MACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany), according to the manufacturer’s instructions. The cell suspension was filtered in a 70 µm cell strainer and centrifuged twice at 50× g for 2 min to obtain LIL and TIL cells. The supernatant containing lymphocytes was washed and cryopreserved in liquid N2.




2.7. Primary HCC Cell Cultures


HCC cells were obtained from enzymatic and mechanical dissociation of tissue samples by using the human Tumor Dissociation Kit and gentle MACS Dissociator (Miltenyi Biotec). The cells obtained were subsequently plated in tissue culture flasks (Corning) with Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific), supplemented with 10% fetal bovine serum (FBS, HyClone, GE Healthcare, South Logan, UT, USA), 1% antibiotic antimycotic solution (100 U/mL penicillin, 0.1 µg/mL streptomycin, 0.25 µg/mL amphotericin B) (Sigma-Aldrich, St. Louis, MO, USA), and 1% non-essential amino acids (Thermo Fisher Scientific). The surface expression of CD155 was examined in patient-derived tumor cells and in the Huh 7.5 cell line by labeling cells with the anti-CD155 PE (Miltenyi Biotec) monoclonal antibody (mAb).




2.8. Phenotypic and Functional Analysis


The phenotype and function of NK cells from PBMCs, and LIL and TIL cells were analyzed using a 12-colour FACSCelesta (BD Biosciences, San Diego, CA, USA) flow cytometer. The NK cells were identified as CD3neg and CD56pos (anti-CD3 BV510 and anti-CD56 BB700 mAbs, BD Biosciences). DNAM-1 expression was measured by labeling cells with the anti-DNAM-1 BB515 (BD Biosciences). The gating strategy to identify DNAM-1+ cells among NK cells, NK-LIL, and NK-TIL is showed in supplementary Figure S1. In the functional assays, PBMCs, and LIL and TIL cells were unstimulated or stimulated overnight with IL-15 (20 ng/mL for 15 h: Peprotech, London, UK). After incubation, cells were harvested and co-cultured with matched primary HCC or K562 target cells in a 1:1 effector: target cell ratio for 4 h at 37 °C in the presence of anti-CD107a and a BD GolgiPlug™ Protein Transport Inhibitor (Becton Dickinson). To assess the cytokine production, cells were subsequently fixed with BD Cytofix/Cytoperm (BD Biosciences) and permeabilized with the BD Perm/Wash buffer (BD Biosciences) in the presence of anti-IFN-γ BV421 (BD Biosciences) and, according to the manufacturer’s instructions, cells were washed, fixed in CellFix solution (BD Biosciences), and analyzed. In the reverse antibody-dependent cellular cytotoxicity (rADCC) assay, unstimulated or IL-15 stimulated PBMCs, and TIL and LIL cells, were incubated with FcγR+ P815 murine target cells with a 1:1 effector:target ratio, in the presence of the anti-DNAM-1 unconjugated mAb (BioLegend, San Diego, CA, USA). Degranulation and IFN-γ production were evaluated as described above. Data analysis was performed using the Kaluza 2.1 software (Beckman Coulter, Brea, CA, USA).




2.9. RNA Extraction and qPCR


The tissue RNA extraction was performed using a TRIzol reagent (Thermo Fisher Scientific) with a gentleMACS Dissociator (Miltenyi Biotec), and with an RNeasy Plus Mini kit and DNAse treatment on a column (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. First-strand cDNA was synthesized from 2 μg of total RNA using a High-Capacity cDNA Reverse Transcription Kit, following the manufacturer’s instructions (Thermo Fisher Scientific). The SsoAdvanced Universal SYBR Green Supermix (BioRad, Hercules, CA, USA) was used, and qPCR data were analyzed using the 2−ΔCt method. CD155 mRNA expression was normalized to the ß2-microglobulin (ß2M) gene. The following primers were used: ß2M forward 5′-ACACTGAATTCACCCCCACT-3′ and reverse 5′-GCTTACATGTCTCGATCCCACTT -3′; CD155-α forward 5′-TGTTCCCGTGAGGTCCTTTG-3′, reverse 5′-ACATGCCCATTAGCTGAGGC-3′; CD155-β forward 5′-CCGTCCTGTGGACAAACCAA-3′, reverse 5′-GGCATGCTCTGTACCTGAGT-3′; CD155-δ forward 5′-TGTTCCCGTGAGGTCCTTTG-3′, reverse 5′-AATTACGGCAGCTCTGGTGA-3′; CD155-γ 5′-CCGTCCTGTGGACAAACCA-3′, reverse 5′-TCTGTACCTTTGACCTGGACG-3′; CD155 5′-AATGCCTCGCTGAGGATGTT-3′, reverse 5′-CTCCAGTGAGCTGGACCTTC-3′ (Primm, Milan, Italy).




2.10. Statistical Analysis


Statistical analysis was performed using the GraphPad Prism 6 software (GraphPad, La Jolla, CA, USA). Data distributions among groups were checked for normality (D’Agostino–Pearson test) before any analysis. Since the distribution was consistently not normal, we used non-parametric tests for all our analyses: the Wilcoxon matched-pairs signed-rank test for paired data, and the Mann–Whitney U test for unpaired data to compare two groups; and the non-parametric Kruskal–Wallis or Friedman tests to compare more than two groups of non-matched or matched data, respectively. Data correlations were assessed using Spearman’s correlation test. Kaplan–Meier curves were used to analyze differences in survival, and were compared using the log-rank test. For this purpose, overall survival was chosen because it was considered as the most reliable and unbiased endpoint in HCC patients. A p value ≤ 0.05 was deemed statistically significant.





3. Results


3.1. Patients with Advanced HCC Have Higher Concentrations of Serum CD155


Soluble CD155 was shown to be increased in several solid tumor settings [12], including HCC [13]. We therefore measured serum CD155 levels in patients with cirrhosis and HCC, patients with cirrhosis and no cancer (no HCC), and healthy donors (HDs). Serum levels of sCD155 were significantly higher in patients with HCC compared with both HDs and no HCC subjects (Figure 1a) and this was accompanied by a simultaneously lower expression of DNAM-1 in NK cells from HCC patients (Figure 1b). Interestingly, sCD155 concentrations were higher in sera from HCC patients with an advanced disease. Indeed, sCD155 directly correlated with non-invasive markers of fibrosis, such as the fibrosis-4 (FIB-4) score (Figure 1c) and the aspartate aminotransferase to platelet ratio index (APRI) (Figure 1d). As expected, platelet count was instead inversely correlated with sCD155 (Figure 1e). HCC patients with advanced cirrhosis, i.e., those with Child–Pugh B (Figure 1f) and model of end-stage liver disease (MELD) scores between 9 and 17 (Figure 1g) showed higher sCD155 concentrations. Of note, when HCC patients were stratified according to the grade of tumor differentiation, there was a tumor grade-dependent sCD155 decrement in sera from patients with moderately (G2) and poorly differentiated (G3) tumors compared with well-differentiated (G1) tumors (Figure 1h). When a median value of sCD155 (26.83 ng/mL) was identified as the cut-off to discriminate between patients with high or low sCD155 levels, we found that the former mainly stratified in the G1 group, whereas the latter mainly stratified in the G3 group (Figure S2). There was no correlation between serum levels of sCD155 in any HCC patients and clinical scores.




3.2. Hepatocellular Carcinoma Tissue Expresses Variable Levels of CD155


To assess whether higher sCD155 serum concentrations could result from a higher release of CD155 by tumor cells, we sought membrane CD155 expression in HCC tissue in a proportion of patients. Immunohistochemical analysis of the tumor and surrounding liver specimens from HCC patients revealed that, among 51 HCC samples, 28 (55%) were CD155pos and 23 (45%) were CD155neg (Figure 2A). When patients were stratified according to the tumor differentiation stage, we found that CD155 was more frequently expressed in G2 compared with G3 tumors (Figure 2B). Expression of CD155 was also analyzed in HCC cells obtained from resected patients after the enzymatic and mechanical dissociation of tumor tissue and a higher intensity of CD155 expression was found in the G2 compared with the G3 tumors (Figure 2C). Notably, there was a trend in patients carrying a CD155pos tumor toward a higher, though not statistically significant, overall survival (Figure 2D). To understand if the variability of CD155 expression could be due to the prevalence of one of the CD155 isoforms with the consequent preponderance of the soluble or transmembrane form, we measured mRNA levels of the CD155 isoforms in HCC and matched NT tissues. Although there was a trend toward higher mRNA in HCC tissue compared with NT (Figure S3a), transmembrane (trCD155) as well as soluble (sCD155) CD155 isoform mRNA levels were comparable in NT, and matched HCC tissue (Figure S3b). No statistically significant differences in single mRNA isoform levels were observed between HCC and NT, despite there being a trend in HCC toward higher mRNA levels of all isoforms analyzed (Figure S3c–f).




3.3. CD155 Directly Down-Modulates DNAM-1 Expression


When we studied the liver compartment, we observed a lower percentage of DNAM-1+ NK cells in TIL. Moreover, NK-TIL showed a lower DNAM-1 expression that matched NK-LIL (Figure 3a and Supplementary Materials Figure S4a). To assess whether CD155 expressed inn HCC cells could affect the expression of DNAM-1 in NK cells, we performed co-culture experiments with the Huh 7.5 hepatoma cell line, which expresses CD155 (Figure S5a). DNAM-1 significantly decreased in NK cells after exposing PBMCs to the Huh 7.5 cell line (Figure 3b and Supplementary Materials Figure S4b). In contrast, the Huh 7.5 culture supernatant was unable to down-modulate the DNAM-1 expression (Figure 3b and Supplementary Materials Figure S4b), showing that cell–cell contact was indeed required. The requirement for cell–cell contact was confirmed by transwell (Transwell® system) experiments. Indeed, when the contact between PBMCs and Huh 7.5 was prevented by transwell experiments, DNAM-1 expression was restored in NK cells (Figure 3c, Supplementary Materials Figure S4c).



Exposure to primary HCC cell lines expressing CD155 (Figure S5b) determined a similarly significant DNAM-1 downmodulation in NK cells (Figure 3d and Supplementary Materials Figure S6a). Again, in the Transwell experiments, the prevention of HCC cell and PBMC contact induced a restoration of DNAM-1 levels (Figure 3e and Supplementary Materials Figure S6b). We checked that a lower expression of CD155 in HCC cells (Figure S5c) did not induce significant DNAM-1 downmodulation (Figure 3f and Supplementary Materials Figure S6c). To verify if the observed DNAM-1 downmodulation was caused by an indirect effect mediated by other immune cells included in PBMCs, we performed experiments using enriched NK cells (Figure S7a). Identical findings were indeed obtained with purified NK cells, since having both the frequency of DNAM-1+ NK cells (Figure S7b,c) and the NK cell expression of DNAM-1 significantly decreased after co-culture, with CD155-expressing Huh 7.5 cells or primary HCC cells (Figure S7d,e).



CD155-induced DNAM-1 downregulation was also confirmed by siRNA-mediated knockdown. Surface CD155 expression was evaluated in the HepG2 cell line after transfection with CD155 siRNA or the negative control. siRNA-mediated knockdown of CD155 reduced CD155 expression in HepG2 cells (Figure S5d). After exposure of PBMCs from HDs to siRNA-CD155 HepG2 cells, the frequency of DNAM-1+ NK cells (Figure 4a and Supplementary Materials Figure S8a) and the expression of DNAM-1 (Figure 4b and Supplementary Materials Figure S8b) were both significantly increased compared to the siRNA-negative control.



We also evaluated the effect of the siRNA-CD155 transfection in the primary HCC cell line and found that siRNA reduced CD155 expression (Figure S5e). This resulted in an increased frequency of DNAM-1+ NK cells (Figure 4c and Supplementary Materials Figure S8c), as well as a higher DNAM-1 expression (Figure 4d and Supplementary Materials Figure S8d).




3.4. Defective DNAM-1-Mediated Cytotoxicity in Peripheral and Tumor-Infiltrating NK Cells of HCC Patients


To assess whether the CD155/DNAM-1 axis was altered in HCC patients, we examined NK cell function by reverse antibody-dependent cellular cytotoxicity (rADCC) assay, in which unstimulated or IL-15-stimulated PBMCs, TIL, and matched LIL cells, were incubated with FcγR+ P815 murine target cells in the presence of an anti-DNAM-1 specific mAb. In this way, we could analyze cytotoxicity and IFN-γ production specifically mediated by DNAM-1. As shown in Supplementary Figure S9, anti-DNAM-1 mAb was able to increase NK cell degranulation compared with IL-15 stimulation alone. Baseline peripheral blood NK cell degranulation and cytokine release were comparable in HDs, HCC patients, and no HCC patients (Figure 5a,d). However, after treatment with IL-15, we observed an increased proportion of CD107a+ NK cells that remained significantly lower in HCC compared with HDs and no HCC patients (Figure 5b,c). Interestingly, no differences were found in IFN-γ production (Figure 5e,f).



TIL-NK cell cytotoxic activity was significantly reduced compared with matched LIL NK cells (Figure 6a). After treatment with IL-15, significantly increased NK cell degranulation was observed in both NK-LIL and NK-TIL compartments (Figure 6b,c). However, the NK-TIL cytotoxic potential remained significantly lower than that of NK-LIL (Figure 6d), despite IL-15 stimulation having restored the DNAM-1 expression in NK-TIL (Figure 6e,f).



Interestingly, IFN-γ production was comparable in NK-LIL and NK-TIL both before and after IL-15 stimulation (Figure S10a,b), suggesting that the deficiency of DNAM-1 activating function was limited to cytotoxic activity. IL-15 stimulated NK cell cytotoxicity for classical K562 target cells and was comparable in NK-LIL and NK-TIL (Figure S11a,c). Similar findings were observed using primary HCC cells as targets (Figure S11b,d). Thus, collectively, these findings suggest that lower DNAM-1 mediated cytotoxicity was not due to a deficient NK-TIL activity.





4. Discussion


HCC is the most common primary liver cancer, accounting for about 90% of cases. HCC is the sixth most common cancer worldwide, and the fourth leading cause of cancer-related deaths worldwide [28]. HCC treatment options have considerably improved over the last few years, ranging from surgical resection, loco-regional approaches (thermal ablation and transarterial chemoembolization), to liver transplantation or drugs, such as sorafenib or lenvatinib, for an advanced disease, and immunotherapeutic treatment with anti-PD-L1 and anti-VEGF [29]. However, the overall HCC mortality rate remains disturbingly high. Despite the wealth of information on molecular biology, tumor growth rate, surveillance, diagnosis, and management, there is currently only a scarcity of seminal studies addressing the immunopathogenesis of HCC, which may have important implications in the design of immunotherapeutic strategies. Several studies support a key role for innate immunity, particularly for NK cells, in response to HCC [30]. The anti-tumor NK cell activities are modulated by interactions between NK cells activating, or by inhibitory receptors and their ligands expressed or released by target cells. In primary liver cancers, many molecules seem to be involved in the modulation of NK cell response, leading to alterations of receptor/ligand axes. In relation to this, we observed impaired NKp30- and NKG2D-mediated NK cell cytotoxicity in the tumor compartment [24,25,31]. The expression in HCC cells of ligands for several NK cell receptors often correlates with an outcome of liver disease. For instance, reduced expression of the major histocompatibility complex class I chain-related protein A and B (MICA/B), the ligand of the NKG2D activating receptor, is associated with a significantly shorter disease-free and overall survival in patients with HCC compared with patients with preserved MICA expression [32,33]. HCC cells can variably express the CD155 molecule [27,34], which is the common ligand for both activating DNAM-1, as well as the inhibitory CD96 and TIGIT receptors [14]. Moreover, in a recent interesting study [35], a new functional interaction between the KIR2DL5 and the immune receptor CD155 regulates natural killer cell cytolysis, inhibiting tumor cell killing.



Here, we found that tumors with higher expression of CD155 were moderately differentiated and patients with CD155-expressing HCC showed a trend toward longer overall survival compared with those with no CD155 expression, akin to previous findings [26,27]. In contrast, Sun et al. [36] found that higher concentration of CD155 were associated with worsening disease status, decreased overall and disease-free survival in HCC patients. This discrepancy may depend upon the prevalence of positive or negative signals mediated by DNAM-1 or CD96 receptors, respectively. Indeed, patients with higher proportions of tumor-infiltrating CD96+ NK cells and CD155-expressing HCC cells had a worse outcome.



In our study, the expression of DNAM-1 in NK-TIL was lower than that of NK-LIL. In agreement with previous findings in the NKp30/B7-H6 axis from our laboratory [24], we found that DNAM-1 downregulation depended in the engagement of DNAM-1 by CD155, there also being an association with CD155 expression in HCC cells. Decreased DNAM-1 expression was related to impaired DNAM-1-mediated NK-TIL cytotoxic activity. Stimulation with IL-15 was unable to restore full functionality, despite the recovery of DNAM-1 expression and the significantly increased degranulation detected in NK-TIL. In contrast, IFN-γ production by NK-TIL was comparable to that of NK-LIL, suggesting the existence of a selective deficiency in DNAM-1-mediated cytotoxic function. This may be ascribed to a difference in the prevalence of several distinct NK cell subsets with committed functions. In investigating anti-tumor NK cell responses in the C57BL/6 mouse model, Rocca and collaborators [37] found a hierarchy of responses that were dependent on different intrinsic reactivities of NK cell subsets, defined by the coexpression of several receptors. For instance, the coexpression of CD27, NKG2A, and DNAM-1 identified a subset with relative cytotoxic specialization, whereas reciprocally, CD11b and KLRG1 defined the best IFN-γ producers. Although in humans this has not yet been described, we can hypothesize that in HCC, a DNAM-1-expressing NK cell subset specialized in cytolytic function could be selectively affected.



Cancer cells can also release a soluble form of CD155, and levels of sCD155 are increased in the sera of several cancer patients [12], including HCC patients [13]. In agreement with the latter, we observed higher levels of sCD155 in sera from patients with HCC which correlated with parameters of advanced liver disease. Patients with lower sCD155 had poorly differentiated HCC, whereas others showed lower sCD155 levels in early-stage HCC [13]. This discrepancy could be explained by differences in the clinical characteristics of patients and differences in the classification of tumors used to stratify patients. Indeed, we applied the histological grading (G1, G2, G3) rather than the China liver cancer staging (CNLC, early-stage I-II and late-stage III) used by Jin and collaborators [13]. Increased sCD155 serum levels were associated with lower expression of DNAM-1 in circulating NK cells from HCC patients. This could be due to endocytosis of receptors induced by soluble ligands, as observed for soluble MIC and B7-H6 that mediate internalization of the corresponding activating receptors NKG2D and NKp30, respectively [38,39]. Moreover, sCD155 could inhibit DNAM-1 activity and, consequently, the NK-mediated anti-tumor response. Actually, sCD155 may significantly suppress NK cell degranulation in vivo and in vitro, basically functioning as a neutralizing molecule, rather than a signal-transducer for DNAM-1 [40]. sCD155 may therefore compete with membrane-bound CD155 by binding to DNAM-1 and may play a role as a ligand decoy for DNAM-1 [40].




5. Conclusions


In conclusion, our findings suggest an alteration in the functional properties of the DNAM-1/CD155 axis in HCC, since DNAM-1 could be modulated downwards by cell-free or cell-associated CD155, leading to the impairment of the cytotoxic activity of NK cells. This can be a potential tumor escape mechanism determining the suppression of NK cells’ antitumor immunity. The DNAM-1/CD155 axis may therefore represent an attractive, druggable target for new immunotherapeutic approaches in HCC.
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	Enzyme-linked immunosorbent assay



	NKG2D
	Natural killer group 2 member d



	MICA/B
	MHC class I chain-related molecules (MIC)A/B



	rADCC
	Reverse antibody-dependent cellular cytotoxicity



	mAb
	Monoclonal antibody



	MELD
	Model of end-stage liver disease



	FIB-4
	Fibrosis-4



	IFN
	Interferon







References


	



Takai, Y.; Miyoshi, J.; Ikeda, W.; Ogita, H. Nectins and nectin-like molecules: Roles in contact inhibition of cell movement and proliferation. Nat. Rev. Mol. Cell Biol. 2008, 9, 603–615. [Google Scholar] [CrossRef] [PubMed]

	



Stengel, K.F.; Harden-Bowles, K.; Yu, X.; Rouge, L.; Yin, J.; Comps-Agrar, L.; Wiesmann, C.; Bazan, J.F.; Eaton, D.L.; Grogan, J.L. Structure of TIGIT immunoreceptor bound to poliovirus receptor reveals a cell-cell adhesion and signaling mechanism that requires cis-trans receptor clustering. Proc. Natl. Acad. Sci. USA 2012, 109, 5399–5404. [Google Scholar] [CrossRef] [PubMed]

	



Mendelsohn, C.L.; Wimmer, E.; Racaniello, V.R. Cellular receptor for poliovirus: Molecular cloning, nucleotide sequence, and expression of a new member of the immunoglobulin superfamily. Cell 1989, 56, 855–865. [Google Scholar] [CrossRef]

	



Kučan Brlić, P.; Lenac Roviš, T.; Cinamon, G.; Tsukerman, P.; Mandelboim, O.; Jonjić, S. Targeting PVR (CD155) and its receptors in anti-tumor therapy. Cell. Mol. Immunol. 2019, 16, 40–52. [Google Scholar] [CrossRef] [PubMed]

	



Koike, S.; Horie, H.; Ise, I.; Okitsu, A.; Yoshida, M.; Iizuka, N.; Takeuchi, K.; Takegami, T.; Nomoto, A. The poliovirus receptor protein is produced both as membrane-bound and secreted forms. EMBO J. 1990, 9, 3217–3224. [Google Scholar] [CrossRef]

	



Bowers, J.R.; Readler, J.M.; Sharma, P.; Excoffon, K. Poliovirus receptor: More than a simple viral receptor. Virus Res. 2017, 242, 1–6. [Google Scholar] [CrossRef]

	



Baury, B.; Masson, D.; McDermott, B.M., Jr.; Jarry, A.; Blottière, H.M.; Blanchardie, P.; Laboisse, C.L.; Lustenberger, P.; Racaniello, V.R.; Denis, M.G. Identification of secreted CD155 isoforms. Biochem. Biophys. Res. Commun. 2003, 309, 175–182. [Google Scholar] [CrossRef]

	



Masson, D.; Jarry, A.; Baury, B.; Blanchardie, P.; Laboisse, C.; Lustenberger, P.; Denis, M.G. Overexpression of the CD155 gene in human colorectal carcinoma. Gut 2001, 49, 236–240. [Google Scholar] [CrossRef]

	



Nakai, R.; Maniwa, Y.; Tanaka, Y.; Nishio, W.; Yoshimura, M.; Okita, Y.; Ohbayashi, C.; Satoh, N.; Ogita, H.; Takai, Y.; et al. Overexpression of Necl-5 correlates with unfavorable prognosis in patients with lung adenocarcinoma. Cancer Sci. 2010, 101, 1326–1330. [Google Scholar] [CrossRef]

	



Bevelacqua, V.; Bevelacqua, Y.; Candido, S.; Skarmoutsou, E.; Amoroso, A.; Guarneri, C.; Strazzanti, A.; Gangemi, P.; Mazzarino, M.C.; D’Amico, F.; et al. Nectin like-5 overexpression correlates with the malignant phenotype in cutaneous melanoma. Oncotarget 2012, 3, 882–892. [Google Scholar] [CrossRef]

	



Nishiwada, S.; Sho, M.; Yasuda, S.; Shimada, K.; Yamato, I.; Akahori, T.; Kinoshita, S.; Nagai, M.; Konishi, N.; Nakajima, Y. Clinical significance of CD155 expression in human pancreatic cancer. Anticancer Res. 2015, 35, 2287–2297. [Google Scholar] [PubMed]

	



Iguchi-Manaka, A.; Okumura, G.; Kojima, H.; Cho, Y.; Hirochika, R.; Bando, H.; Sato, T.; Yoshikawa, H.; Hara, H.; Shibuya, A.; et al. Increased soluble CD155 in the serum of cancer patients. PLoS ONE 2016, 11, e0152982. [Google Scholar] [CrossRef] [PubMed]

	



Jin, A.L.; Yang, Y.H.; Su, X.; Yang, W.J.; Liu, T.; Chen, W.; Li, T.; Ding, L.; Wang, H.; Wang, B.L.; et al. High serum soluble CD155 level predicts poor prognosis and correlates with an immunosuppressive tumor microenvironment in hepatocellular carcinoma. J. Clin. Lab. Anal. 2022, 36, e24259. [Google Scholar] [CrossRef]

	



Blake, S.J.; Stannard, K.; Liu, J.; Allen, S.; Yong, M.C.R.; Mittal, D.; Aguilera, A.R.; Miles, J.J.; Lutzky, V.P.; De Andrade, L.F.; et al. Suppression of metastases using a new lymphocyte checkpoint target for cancer immunotherapy. Cancer Dis. 2016, 6, 446–459. [Google Scholar] [CrossRef] [PubMed]

	



Shibuya, A.; Campbell, D.; Hannum, C.; Yssel, H.; Franz-Bacon, K.; McClanahan, T.; Kitamura, T.; Nicholl, J.; Sutherland, G.R.; Lanier, L.L.; et al. DNAM-1, a novel adhesion molecule involved in the cytolytic function of T lymphocytes. Immunity 1996, 4, 573–581. [Google Scholar] [CrossRef]

	



de Andrade, L.F.; Smyth, M.J.; Martinet, L. DNAM-1 control of natural killer cells functions through nectin and nectin-like proteins. Immunol. Cell Biol. 2014, 92, 237–244. [Google Scholar] [CrossRef]

	



Iguchi-Manaka, A.; Kai, H.; Yamashita, Y.; Shibata, K.; Tahara-Hanaoka, S.; Honda, S.; Yasui, T.; Kikutani, H.; Shibuya, K.; Shibuya, A. Accelerated tumor growth in mice deficient in DNAM-1 receptor. J. Exp. Med. 2008, 205, 2959–2964. [Google Scholar] [CrossRef]

	



Gilfillan, S.; Chan, C.J.; Cella, M.; Haynes, N.M.; Rapaport, A.S.; Boles, K.S.; Andrews, D.M.; Smyth, M.J.; Colonna, M. DNAM-1 promotes activation of cytotoxic lymphocytes by nonprofessional antigen-presenting cells and tumors. J. Exp. Med. 2008, 205, 2965–2973. [Google Scholar] [CrossRef]

	



Castriconi, R.; Dondero, A.; Corrias, M.V.; Lanino, E.; Pende, D.; Moretta, L.; Bottino, C.; Moretta, A. Natural killer cell-mediated killing of freshly isolated neuroblastoma cells: Critical role of DNAX accessory molecule-1-poliovirus receptor interaction. Cancer Res. 2004, 64, 9180–9184. [Google Scholar] [CrossRef]

	



El-Sherbiny, Y.M.; Meade, J.L.; Holmes, T.D.; McGonagle, D.; Mackie, S.L.; Morgan, A.W.; Cook, G.; Feyler, S.; Richards, S.J.; Davies, F.E.; et al. The requirement for DNAM-1, NKG2D, and NKp46 in the natural killer cell-mediated killing of myeloma cells. Cancer Res. 2007, 67, 8444–8449. [Google Scholar] [CrossRef]

	



Llovet, J.M.; Kelley, R.K.; Villanueva, A.; Singal, A.G.; Pikarsky, E.; Roayaie, S.; Lencioni, R.; Koike, K.; Zucman-Rossi, J.; Finn, R.S. Hepatocellular carcinoma. Nat. Rev. Dis. Primers 2021, 7, 6. [Google Scholar] [CrossRef] [PubMed]

	



Coulouarn, C.; Factor, V.M.; Conner, E.A.; Thorgeirsson, S.S. Genomic modeling of tumor onset and progression in a mouse model of aggressive human liver cancer. Carcinogenesis 2011, 32, 1434–1440. [Google Scholar] [CrossRef] [PubMed]

	



Chew, V.; Chen, J.; Lee, D.; Loh, E.; Lee, J.; Lim, K.H.; Weber, A.; Slankamenac, K.; Poon, R.T.; Yang, H.; et al. Chemokine-driven lymphocyte infiltration: An early intratumoural event determining long-term survival in resectable hepatocellular carcinoma. Gut 2012, 61, 427–438. [Google Scholar] [CrossRef] [PubMed]

	



Mantovani, S.; Oliviero, B.; Lombardi, A.; Varchetta, S.; Mele, D.; Sangiovanni, A.; Rossi, G.; Donadon, M.; Torzilli, G.; Soldani, C.; et al. Deficient natural killer cell NKp30-mediated function and altered NCR3 splice variants in hepatocellular carcinoma. Hepatology 2019, 69, 1165–1179. [Google Scholar] [CrossRef] [PubMed]

	



Mantovani, S.; Varchetta, S.; Mele, D.; Donadon, M.; Torzilli, G.; Soldani, C.; Franceschini, B.; Porta, C.; Chiellino, S.; Pedrazzoli, P.; et al. An anti-MICA/B antibody and IL-15 rescue altered NKG2D-dependent NK cell responses in hepatocellular carcinoma. Cancers 2020, 12, 3583. [Google Scholar] [CrossRef]

	



Qu, P.; Huang, X.; Zhou, X.; Lü, Z.; Liu, F.; Shi, Z.; Lü, L.; Wu, Y.; Chen, Y. Loss of CD155 expression predicts poor prognosis in hepatocellular carcinoma. Histopathology 2015, 66, 706–714. [Google Scholar] [CrossRef]

	



Gong, J.; Fang, L.; Liu, R.; Wang, Y.; Xing, J.; Chen, Y.; Zhuang, R.; Zhang, Y.; Zhang, C.; Yang, A.; et al. UPR decreases CD226 ligand CD155 expression and sensitivity to NK cell-mediated cytotoxicity in hepatoma cells. Eur. J. Immunol. 2014, 44, 3758–3767. [Google Scholar] [CrossRef]

	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [Google Scholar] [CrossRef]

	



Llovet, J.M.; Castet, F.; Heikenwalder, M.; Maini, M.K.; Mazzaferro, V.; Pinato, D.J.; Pikarsky, E.; Zhu, A.X.; Finn, R.S. Immunotherapies for hepatocellular carcinoma. Nat. Rev. Clin. Oncol. 2022, 19, 151–172. [Google Scholar] [CrossRef]

	



Roderburg, C.; Wree, A.; Demir, M.; Schmelzle, M.; Tacke, F. The role of the innate immune system in the development and treatment of hepatocellular carcinoma. Hepat. Oncol. 2020, 7, HEP17. [Google Scholar] [CrossRef]

	



Oliviero, B.; Varchetta, S.; Mele, D.; Pessino, G.; Maiello, R.; Falleni, M.; Tosi, D.; Donadon, M.; Soldani, C.; Franceschini, B.; et al. MICA/B-targeted antibody promotes NK cell-driven tumor immunity in patients with intrahepatic cholangiocarcinoma. Oncoimmunology 2022, 11, 2035919. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Xu, Z.; Zhou, X.; Zhang, H.; Yang, N.; Wu, Y.; Chen, Y.; Yang, G.; Ren, T. Loss of expression of MHC class I-related chain A (MICA) is a frequent event and predicts poor survival in patients with hepatocellular carcinoma. Int. J. Clin. Exp. Pathol. 2014, 7, 3123–3131. [Google Scholar] [PubMed]

	



Kamimura, H.; Yamagiwa, S.; Tsuchiya, A.; Takamura, M.; Matsuda, Y.; Ohkoshi, S.; Inoue, M.; Wakai, T.; Shirai, Y.; Nomoto, M.; et al. Reduced NKG2D ligand expression in hepatocellular carcinoma correlates with early recurrence. J. Hepatol. 2012, 56, 381–388. [Google Scholar] [CrossRef]

	



Duan, X.; Liu, J.; Cui, J.; Ma, B.; Zhou, Q.; Yang, X.; Lu, Z.; Du, Y.; Su, C. Expression of TIGIT/CD155 and correlations with clinical pathological features in human hepatocellular carcinoma. Mol. Med. Rep. 2019, 20, 3773–3781. [Google Scholar] [CrossRef] [PubMed]

	



Husain, B.; Ramani, S.R.; Chiang, E.; Lehoux, I.; Paduchuri, S.; Arena, T.A.; Patel, A.; Wilson, B.; Chan, P.; Franke, Y.; et al. A platform for extracellular interactome discovery identifies novel functional binding partners for the immune receptors B7-H3/CD276 and PVR/CD155. Mol. Cell. Proteom. MCP 2019, 18, 2310–2323. [Google Scholar] [CrossRef]

	



Sun, H.; Huang, Q.; Huang, M.; Wen, H.; Lin, R.; Zheng, M.; Qu, K.; Li, K.; Wei, H.; Xiao, W.; et al. Human CD96 correlates to natural killer cell exhaustion and predicts the prognosis of human hepatocellular carcinoma. Hepatology 2019, 70, 168–183. [Google Scholar] [CrossRef]

	



Rocca, Y.; Pouxvielh, K.; Marotel, M.; Benezech, S.; Jaeger, B.; Allatif, O.; Bendriss-Vermare, N.; Marçais, A.; Walzer, T. Combinatorial expression of NK cell receptors governs cell subset reactivity and effector functions but not tumor specificity. J. Immunol. 2022, 208, 1802–1812. [Google Scholar] [CrossRef]

	



Groh, V.; Wu, J.; Yee, C.; Spies, T. Tumor-derived soluble MIC ligands impair expression of NKG2D and T-cell activation. Nature 2002, 419, 734–738. [Google Scholar] [CrossRef]

	



Pesce, S.; Tabellini, G.; Cantoni, C.; Patrizi, O.; Coltrini, D.; Rampinelli, F.; Matta, J.; Vivier, E.; Moretta, A.; Parolini, S.; et al. B7-H6-mediated downregulation of NKp30 in NK cells contributes to ovarian carcinoma immune escape. Oncoimmunology 2015, 4, e1001224. [Google Scholar] [CrossRef]

	



Okumura, G.; Iguchi-Manaka, A.; Murata, R.; Yamashita-Kanemaru, Y.; Shibuya, A.; Shibuya, K. Tumor-derived soluble CD155 inhibits DNAM-1-mediated anti-tumor activity of natural killer cells. J. Exp. Med. 2020, 217, 1. [Google Scholar] [CrossRef]








[image: Cancers 14 04060 g001 550] 





Figure 1. Soluble CD155 correlates with advanced disease in HCC patients. (a) Soluble CD155 (sCD155) was tested in sera of 30 HD, 88 HCC and 22 no HCC subjects. HCC patients with an advanced disease are indicated as red dots. (b) DNAM-1 expression (mean fluorescence intensity, MFI) in NK cells of 16 HDs, 30 HCC subjects, and 16 no HCC subjects. (c–e) Correlation between sCD155 concentration in serum form HCC patients and FIB-4, APRI and number of platelets (PLT). (f,g) sCD155 in HCC stratified according to Child–Pugh (A, n = 75; B n = 11) and MELD (6–8, n = 46; 9–17, n = 34) disease indicators. (h) sCD155 in HCC stratified according to the grade of tumor differentiation: G1, G2, and G3 (well, moderately and poorly differentiated, respectively); G1: n = 21; G2, n = 43; G3, n = 22. Middle bars represent median values, box plots are 25% and 75% percentiles, whiskers are minimum and maximum values. The non-parametric Kruskal–Wallis or Mann–Whitney U tests were used to compare data in (a,b) and (f–h) panels. The non-parametric Spearman’s test was used to correlate sCD155 and clinical parameters ((c–e) panels). 
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Figure 2. CD155 expression on tumor tissues. (A) Distribution of CD155pos and CD155neg HCC specimens and representative images of immunohistochemical analysis (n = 51). Representative images of CD155 positive (upper row) and negative (lower row) expressions in HCC tumor tissues at 10X magnification, bars: 100 μm. (B) Distribution of the same CD155pos and CD155neg HCC patients stratified according to tumor grading (moderate and poorly differentiated, G2 and G3 respectively). (C) Expression of CD155 in HCC primary cells from G2 (n = 7) and G3 tumors (n = 10) evaluated by flow cytometry (MFI, calculated as CD155 MFI-isotype control MFI). Representative histograms of CD155 expression in HCC primary cells derived from a G2 and a G3 tissue. (D) Overall survival of HCC patients according to CD155 expression. 
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Figure 3. DNAM-1 is downregulated upon exposure to tumor cells. (a) Proportion of DNAM-1+ NK cells in LIL and matched TIL and DNAM-1 expression (as MFI) measured ex vivo by flow cytometry. The paired t-test was used to compare data. (b) The frequency of DNAM-1+ NK cells and DNAM-1 MFI was analyzed in NK cells from seven HDs in the presence or absence of Huh 7.5 cells or cell-free supernatant (SN) from Huh 7.5 cell cultures. (c) The frequency of DNAM-1+ NK cells and DNAM-1 MFI were determined in PBMCs, after exposure to Huh 7.5 cells or in the Transwell® system to prevent contact with Huh 7.5 cells (HD, n = 6). (d) Downregulation was assessed after co-culture of PBMCs from 13 HDs with 5 primary HCC cells or with HCC cell culture SN. (e) DNAM-1 downmodulation in NK cells from four HDs co-cultured with primary HCC cells expressing CD155. (f) The experiments were repeated using primary HCC cells expressing low levels of CD155. The non-parametric Friedman test for matched data was used for comparisons. 
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Figure 4. Tumor-siRNA-CD155 transfected cells modulate DNAM-1 expression. (a) Frequency of DNAM-1+ NK cells and (b) DNAM-1 expression (MFI) in PBMCs from 5 HDs exposed to siRNA-CD155- or siRNA-control-transfected HepG2 cells. (c) Frequency of DNAM-1 positive NK cells and (d) MFI were evaluated in NK cells of PBMCs from five HDs after exposure to primary HCC cells transfected with siRNA-CD155 or siRNA-control. Matched data were analyzed by a parametric ANOVA test. 
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Figure 5. Decreased DNAM-1-mediated cytotoxicity in circulating NK cells. A reverse antibody-dependent cytotoxicity (rADCC) assay was used to test DNAM-1 receptor-mediated NK cell functions. Degranulation activity (%CD107a+ NK cells) of circulating NK cells from 11 HDs, 20 HCC subjects, and 11 no HCC subjects was analyzed before (a) and after (b) IL-15 stimulation. (d,e) IFN-γ production was tested in NK cells from 11 HD, 15 HCC subjects, and 11 no HCC subjects, under the same experimental conditions. Middle bars represent median values, box plots are 25% and 75% percentiles, whiskers are minimum and maximum values. The non-parametric Kruskal–Wallis test was used to compare data. Representative dot plots of degranulation (c) and IFN-γ production (f) of stimulated NK cells from HDs, HCC subjects, and no HCC subjects are also shown. 
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Figure 6. Impaired NK-TIL degranulation activity mediated by DNAM-1. (a,d) Degranulation of NK-LIL and matched NK-TIL was analyzed after DNAM-1 triggering in rADCC assays in 10 HCC patients before and after IL-15 stimulation. Representative dot plots showing unstimulated (Un-LIL, Un-TIL) or IL-15 stimulated (IL-15 LIL, IL-15 TIL) cells. (b,c) IL-15 stimulation increased cytotoxic activity in NK-LIL and matched NK-TIL. (e) Proportion of DNAM-1+ NK cells and (f) expression of DNAM-1 receptor in NK cells from IL-15 stimulated LIL and TIL. The non-parametric Wilcoxon matched-pairs signed-rank test was used to compare data. 
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