Immune characterization of neuroendocrine tumours

Programmed cell death ligands expression drives immune tolerogenesis across the diverse subtypes of neuroendocrine tumours.
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Abstract.
Introduction: A comprehensive characterisation of the tumour microenvironment is lacking in neuroendocrine tumours (NETs), where programmed cell death-1 receptor-ligand (PD-1/PD-L1) inhibitors are undergoing efficacy testing. 
Objective: We investigated drivers of cancer-related immunosuppression across NETs of various sites and grade using multi-parameter immunohistochemistry and targeted transcriptomic profiling. 

Methods: Tissue microarrays (n=102) were stained for PD-L1 & 2, Indoleamine-deoxygenase-1 (IDO-1) and evaluated in relationship to functional characteristics of tumor-infiltrating T-lymphocytes (TILs) and biomarkers of hypoxia/angiogenesis. PD-L1 expression was tested in circulating tumour cell (CTCs, n=12) to evaluate its relationship with metastatic dissemination. 
Results: PD-L1 expression was highest in lung NETs (n=30, p=0.007), whereas PD-L2 was highest in pNETs (n=53, p<0.001) with no correlation with grade or hypoxia/angiogenesis. PD-L1+ NETs (n=26, 25%) had greater CD4+/FOXP3+ and CD8+/PD1+ TILs (p<0.001) and necrosis (p=0.02). CD4+/FOXP3+ infiltrate was highest PD-L1/IDO-1 co-expressing tumours (p=0.006). Grade 3 well-differentiated NETs had lower CD4+/FOXP3+ and CD8+/PD1+ TILs density (p<0.001) and Nanostring immune-profiling revealed enrichment of macrophage-related transcripts in cases with poorer prognosis. We identified PD-L1(+) CTC subpopulations in 75% of evaluated patients (n=12). 
Conclusions: PD-L1 expression correlates with T-cell exhaustion independent of tumour hypoxia and is enhanced in a subpopulation of CTCs, suggesting its relevance to the progression of NETs. These findings support a potential therapeutic role for PD-L1 inhibitors in a subset of NETs.
Introduction.
The natural history of neuroendocrine tumours (NETs) is heterogeneous, encompassing disease variants with highly aggressive as well as remarkably indolent clinical course
 ADDIN EN.CITE 
[1]
. Accumulating evidence suggests that NETs rely heavily on the Programmed-cell Death-1 (PD-1) axis to circumvent immune rejection, implying that PD-ligand 1 (PD-L1)-overexpressing NETs may be potentially sensitive to PD-1/PD-L1-targeting immune checkpoint inhibitors (ICPI)
 ADDIN EN.CITE 
[2-4]
, as demonstrated in other indications. The tumoricidal effect of ICPIs strongly depends on the reconstitution and clonal expansion of cytotoxic CD8+ T-cell function. However, most studies that postulate NETs as potentially sensitive to ICPI focused on cases of either gastrointestinal
 ADDIN EN.CITE 
[5, 6]
 or thoracic origin, evaluated uniquely for PD-1/PD-L1 expression
 ADDIN EN.CITE 
[7]
. Tumour-mediated CD8+ T-cell dysfunction is a multi-faceted process and can be fostered by a number of factors including tumour hypoxia, a key hallmark of progression in NETs
 ADDIN EN.CITE 
[8]
, and by concurrent activation of metabolic drivers such as Indoleamine 2,3 dioxygenase-1 (IDO-1), which promotes regulatory T-cell (T-reg) differentiation9[]
 and reduces CD8+ effector activity via tryptophan depletion. The relative functional contribution of each of these key mechanisms of immune suppression has not been fully understood in NETs.                   This is a point of consequence in a phase of rampant expansion of immunotherapy, where IDO-1 inhibitors and anti-angiogenics are being prospectively tested in combination with ICPIs
 ADDIN EN.CITE 
[10]
. 
To address these limitations, we designed this study to provide a comprehensive functional characterization of the anti-cancer immune response in a well-annotated series of tissue specimens using multi-parameter immunohistochemistry and targeted transcriptomics. In addition, as a secondary aim, we set out to establish the prevalence and clinico-pathologic role of PD-L1 expression in circulating tumour cells (CTCs), a biomarker of aggressive behavior that is emerging as a promising alternative to tissue-based diagnostics in NETs11[]
.
Materials and Methods.
Tissue Samples.

Tissue microarrays (TMA) were constructed from a patient series including 102 consecutive patients undergoing surgical resection for NETs at Imperial College NHS Trust from 1988 to 2017(15). This case series forms part of a previously published study
 ADDIN EN.CITE 
[12]
. Grading of NETs followed the World Health Organisation 2010 guidelines. Recognizing the heterogeneity of high-grade NETs, tumors that were defined as high grade clustered within the well-differentiated Grade 3 NETs (G3-WDNETs) category
 ADDIN EN.CITE 
[13]
. The study was approved by the Imperial College Tissue Bank (Ref. R14066-2A) and conducted in accordance to the principles of the Declaration of Helsinki.
Immunohistochemistry.

We performed single marker immunostaining for PD-L1 (E1L3N; Cell Signaling Technology, Danvers, Massachusetts, USA), PD-L2 (3500395, Sigma Aldrich, St. Louis, Missouri, USA), IDO-1 (D5J4E; Cell Signaling Technology), VEGF-A (Santa Cruz Biotechnology, Santa Cruz, California, USA), Hif-1α (AbCam, Cambridge, UK) and Ki-67 (Leica Microsystems, Wetzlar, Germany) on a Leica Bond RX stainer (Leica, Buffalo, Illinois, USA) on 5-micron TMA slides (Supplementary Methods). To evaluate the phenotypic characteristics of tumour-infiltrating lymphocytes one 2-micron TMA slide underwent multi-colour immune cell phenotyping for PD-1 (clone NAT 105/E3), CD4 (Spring Biosciences, clone SP35), CD8 (clone SP239) and FOXP3 (clone 346/E7) based on a previously optimised protocol at University College London
 ADDIN EN.CITE 
[14]
. Expression of the candidate biomarkers was evaluated using the histoscore method (range 0-300) as described before
 ADDIN EN.CITE 
[12]
. For multiplex IHC, we analysed number of immuno-positive cells/mm2 of tissue following review of specificity of staining by a consultant histopathologist with expertise in evaluating multi-colour IHC (T.M.). 
Hypoxic chamber experiment.

Pancreatic NET cell lines QGP-1 and BON-1 were purchased from the American Type Culture Collection (Manassas, Virginia, USA). SKBR3 and MBA-MD-231 were used as control cell lines (Supplementary Materials). Cells were incubated in hypoxic conditions using the Whitley H35 hypoxystation (Don Whitley, Shipley, West Yorkshire, UK) in standard media in an atmosphere of 1% O2, 94% N2 and 5% CO2 for 24 hours and lysed in parallel with normoxic controls. Protein expression was evaluated by immunoblotting (Supplementary Methods). 
CTC enumeration and PD-L1 staining.
A total of 7.5 ml of EDTA-anticoagulated blood was used for CTC detection using the FDA-approved CellSearch system (Janssen, Beerse, Belgium). Blood samples were processed within 72 h from venipuncture using the CellSearch CXC kit (Janssen). With this method, CTCs are enumerated by visual detection of a subpopulation of EpCAM(+), Cytokeratin(+), DAPI(+), CD45(-) intact cells.  Using pre-published methodology, we used the anti-human-PD-L1 phycoerythrin conjugate antibody (Cat. FAB1561P R&D Systems Minneapolis, USA) at the final concentration of 20 μg/ml to allow for phenotypic characterization of CTC using the 4th channel of the CellSearch system
 ADDIN EN.CITE 
[15]
. 
NanoString Immune profiling.

We performed H&E-guided manual microdissection of target tumour tissue in a subset of 12 samples and extracted total RNA on four 10 µM-thick tissue sections using the Qiagen RNAeasy FFPE kit (Qiagen, Venlo, NL, Cat Nr. 73504) according to the manufacturer’s instructions. We performed targeted transcriptomic profiling using the NanoString PanCancer Immune panel on an nCounter® Analysis System (NanoString Technologies, Seattle, USA, Supplementary Methods). Samples flagged for high normalisation values or with quality control standards falling outside default settings were examined carefully and a total of 2 samples were excluded, leaving 10 for final analysis. 
Statistical Analysis.

Pearson’s Chi square or Fisher’s exact tests were used to elucidate any significant associations between categorical variables as appropriate. Associations were considered statistically significant when the resulting p value was < 0.05. Analysis was performed using SPSS software version 11.5 (SPSS inc., Chicago, IL, USA) and GraphPad PRISM (GraphPad software inc., La Jolla, CA, USA). Differential expression of genes of interest was determined using the false discovery rate method (FDR) of Benjamini and Hochberg, with pre-defined q-value of 5%
Results.
Patients, Tumour Characteristics and Survival.

The clinico-pathological features reconstructed from the 102 patients included in the study are summarized in (Table 1). The median OS of the whole cohort was 10.1 years (95% CI 9.2-10.9), with 19 (19%) patients having died at the time of analysis. Uni-variable analyses of survival confirmed tumour grade (median OS 3.2 years for G3 versus not reached for G1-2, HR 7.3 95%CI 2.7-19.6 years, p<0.001) and necrosis (median OS 7.4 years versus not reached, HR 6.4 95%CI 2.3-18.1, p<0.001) as predictors of worse OS. 
Expression of immune-related biomarkers in NETs.

Overall, 26 patients (25%) had evidence of intra-tumoural PD-L1 expression with a mean IHS of 8.6 (median 0, range 0-270). Tumour cell expression of PD-L2 was found in 41 specimens (40%): mean IHS was 60 (median 45, range 0-270). 

IDO-1 expression was detected in 42 patients (40%), 24 of pancreatic, 5 of gastrointestinal and 13 of extra-gastrointestinal origin (p=0.51). Mean IDO IHS was 46 (median 0, range 0-300, Figure 1A-C).

PD-L1, PD-L2 and IDO-1 expression was not influenced by grade (p=0.67, p=0.13, p=0.73) or stage (p=0.24, p=0.51, p=0.15). PD-ligands expression varied significantly according to primary site, with PD-L1 immunopositivity being highest in lung NETs (Chi-square 5.40, d.f.=2, p=0.007) and PD-L2 expression being highest in pancreatic NETs (Chi-square 26.4, d.f.=2, p<0.0001, Figure 1D-E). The presence of tumour necrosis was associated with higher levels of tumoural PD-L1 expression (Mann Whitney p=0.03) and lower PD-L2 expression (p=0.02), whereas vascular invasion inversely correlated with PD-L2 expression (p=0.003, Figure 1F-G).
PD-ligands expression influences the tumour microenvironment in NETs.

We used multiplex-IHC to investigate the relationship between PD-ligands and cytotoxic T-cell exhaustion (CD8+/PD1+) and regulatory T-cell (T-reg) function (CD4+/FoxP3+). As shown in Figure 2A-D, the microenvironment of PD-L1+ NETs was significantly enriched in T-reg and immune-exhausted CD8+/PD1+ T-cells. Tumour specimens of higher grade were characterized by lower density of CD8+/PD1+ and CD4+/FoxP3+ infiltrate (Figure 2E). We found PD-L1/IDO-1 co-immunoexpression in 13% of NETs (Chi-square 4.34, d.f.=1, p=0.03), with PD-L1+/IDO-1+ tumours being characterized by denser CD4+ infiltrates and higher proportion of infiltrating T-regs (Kurskal-Wallis p=0.006, Figure 2F-G).
Whilst neither PD-L1 (Log-rank p=0.85) nor PD-L2 expression (p=0.95) or IDO-1 expression (p=0.77) independently predicted for OS (Supplementary Figure 1), we found that patients displaying evidence of necrosis, a predictor of adverse prognosis in our patient cohort, had significantly higher levels of CD8+/PD1+ and CD4+/FoxP3+ infiltrating cells (p<0.001, Figure 2H). 
The relationship between PD-L1 expression and hypoxia in pNETs.

We evaluated the relationship between PD ligands expression and a selected panel of biomarkers reflective of the hypoxic/angiogenic response in a subset of patients with pNETs (n=47) in view of its documented pathogenic and prognostic role in this subset of tumours (Supplementary Figure 2). We found no difference in the expression of VEF-A, Hif-1( and CaIX in relationship to the expression of PD-L1 or PD-L2. 

After evaluating baseline PD-L1 and PD-L2 expression in immortalized NET cells (Figure 2I), we utilized an in vitro model of tumour hypoxia to demonstrate that none of the assayed cell lines displayed evidence of PD-L1 over-expression following 24h-incubation in 1% O2, suggesting independence between hypoxia and tumour-cell expression of PD-L1 (Figure 2L).
Transcriptomic analysis.

To complement our multiplex-immunohistochemistry data showing depletion of CD8/PD1 and CD4/FoxP3 cells in high-grade NETs we performed an exploratory targeted transcriptomic analysis of a limited subset of 10 patient samples using NanoString technology (Supplementary Figure 3, Table S1) to provide mechanistic insight into the molecular drivers characterising the tumour immune microenvironment in this poor prognostic subgroup. As shown in Fig 3A we report repression of transcripts involved in leukocyte function and complement and up-regulation of cytotoxicity-related genes in gastrointestinal (GI) compared to extra-GI (eGI) NETs. Similarly, we report significant up-regulation of interleukins and repression of adhesion-related genes in patients with poorer prognosis, with significant down-regulation of the B-cell lymphotropic cytokine CXCL13 alongside other genes reflective of tumour associated macrophage biology (CD68, CSF1R) and T cell activation (CD4, CD84, PI3KCG, TNFRSF11A) (Fig.3B). 
Expression of PD-L1 in CTCs.
Peripheral blood samples from a total of 12 consecutive, unselected patients with advanced NETs were processed for CTC quantification using the CellSearch system (Table 2). In patients with CTC>1 (n=10, 83%), the median CTC count was 3 (range 1-6). In total 9 patients out of 12 (75%) showed a subpopulation of CTCs expressing PD-L1 (Fig.4A) In patients with CTC>1 the median percentage of PD-L1+ CTCs was 79% (range 0-100, Fig.4B). Patients whose PD-L1+ CTC count was >3 (i.e. above the median) had a higher frequency of extra-hepatic spread to other visceral organs including lung, bones and peritoneal cavity (1/10 versus 2/2 patients, Fisher Exact Test p=0.04).
Discussion.
Clinical responses to ICPI are limited to a fraction of patients across indications, a finding that has instigated the discovery of novel actionable drivers of cancer-related immune-suppression that can be selectively targeted to enhance anti-tumour immune reconstitution16[]
. Avoidance of T-cell-mediated cytolysis by progressive malignancy is sustained by parallel up-regulation of alternative immune-modulatory signals within the tumour microenvironment including PD-L2 or IDO-117[]
, which have been shown to promote clinical resistance to PD-1/PD-L1 checkpoint inhibitors. In addition, sustained neo-angiogenesis, primarily through VEGF signaling, exerts multi-faceted immune-suppressive effects by preventing CD4+ and CD8+ T-cell maturation, promoting regulatory T-cell (T-Reg) differentiation and inducing exhaustion of effector T-cell responses by up-regulation of PD-1 and its ligands18[]
. 
In this study, we found significant heterogeneity in PD-ligands expression across various NET subtypes, with PD-L1 being more prevalent in lung and PD-L2 in pNETs, suggesting contextual differences in the expression of key molecular drivers of cancer immunosuppression. Our study mirrors previously published evidence demonstrating low expression levels of PD-L1 in pancreatic and intestinal NETs and cytoplasmic PD-L2 expression in a significant proportion of these tumors, independent of underlying mutational status
 ADDIN EN.CITE 
[19]
. Site-specific heterogeneity in PD-L1 expression has also been described in NETs, with duodenal tumors having shown evidence of stronger PD-L1 expression over jejunal/ileal NETs, whereas little comparative evidence exists with regards to lung NETs6[]
.  In our study, PD-L1 expression strongly correlated with CD4+/FOXP3+ and CD8+/PD1+ TIL density, suggesting polarization of intra-tumoural T-cells to a type-1 response. PD-L1+/TIL+ or type-1 tumours, are thought to be sensitive to single-agent PD-1/PD-L1-targeted checkpoint blockade, due to the presence of an immune-reactive microenvironment where TILs are chemo-attracted to malignant cells but turned off by PD-L1 engagement
 ADDIN EN.CITE 
[20]
. Whilst the majority of analysed samples fitted this immunophenotype, G3WD tumours, a subgroup of NETs with poor prognosis and limited treatment options, displayed evidence of a less intense CD4+/FOXP3+ and CD8+/PD1+ infiltrate compared to low-grade NETs despite comparable PD-ligands expression levels, a finding that prompted us to explore alternative immune-biologic mechanisms underlying the progression of this subset of tumours. In a pilot experiment using nanostring transcriptomic profiling of high-grade NETs, we confirmed enrichment of transcripts reflective of macrophage activation in patients characterized by worse survival outcomes, suggesting an important regulatory dynamic with T-cells that should be explored in future studies21[]
. A recent study by Ferrata et al. is in support of our findings, having shown the tumour microenvironment of highly proliferating G3 NETs to be characterized by higher CD68 over CD8 infiltration, suggesting a more predominant role for myeloid-derived immune suppression in these tumours4


[ ADDIN EN.CITE ]
.
Interestingly, 13% of our patients displayed evidence of PD-L1/IDO-1 co-immunoexpression, which correlated with a denser T-regulatory infiltrate, suggesting that a tryptophan-depleted tumour microenvironment might exert synergistic effects with PD-ligands expression in promoting cancer immune-suppression17[]
. IDO-1 shares with PD-L1 a strongly inflammation-driven transcriptional dependence, secondary in particular to interferon gamma signaling 
 ADDIN EN.CITE 
[22, 23]
. IDO-1-mediated tryptophan catabolism is a mechanism of induction of T-regs from naïve T-cells
 ADDIN EN.CITE 
[24]
 and tumours exhibiting higher levels of PD-1/PD-L1 and IDO-1/HLA-DR are exquisitely sensitive to anti-PD-1/PD-L1 checkpoint inhibition, suggesting a potential synergistic role from combined pathway inhibition
 ADDIN EN.CITE 
[25]
. However, recent failures in the development of combined IDO-1/PD-1 blockade in randomized controlled studies highlight the unexpected complexities in the modulation of kynurenine to tryptophan ratios within the tumour microenvironment as a strategy to reverse immune tolerance
 ADDIN EN.CITE 
[26]
, a point that should be considered in the development of immunotherapy for NETs. The richness of other tryptophan-degrading enzymes such as tryptophan 2,3 dehydrogenase (TDO) or the dysregulation of Aryl hydrocarbon receptors, the amino acid sensing signal transduction pathway that modulates immune-suppressive gene expression programs upon kynurenine ligation, have been advocated as mechanisms of resistance and treatment failure
 ADDIN EN.CITE 
[27]
.
In our study, despite their association with an immune-suppressive microenvironment and tumour necrosis, a strongly adverse prognostic factor in NETs, PD-ligands and IDO-1 expression were not directly predictive of patients’ survival. Prevalence and clinico-pathologic value of PD-L1 expression has been investigated mostly in gastro-entero-pancreatic tumours and reported to be highly variable across studies, ranging from <10%5


[ ADDIN EN.CITE ]
 to >50%3[]
. The lack of a significant correlation between PD-L1 status and patients’ survival mirrors published evidence, where the postulated role for PD-L1 expression as a predictor of survival3[]
 has not found confirmation in larger studies
 ADDIN EN.CITE 
[6, 28, 29]
. A number of factors might explain the high level of heterogeneity observed across studies, including inherent differences in patient selection, the influence of anti-tumour therapy on patients’ survival and the extended survival times of early-stage patient cohorts. Nevertheless, the lack of association with survival does not limit the role of the tested biomarkers as putative predictors of benefit from ICPI. 
Unlike other neuroendocrine malignancies30[]
, our data suggests PD-L1 expression to be independent from that of Hif-1( and its downstream targets VEGF-A and CaIX, key drivers of the hypoxic/angiogenic response and therapeutic targets of established efficacy in pNETs31[]
. This finding, which we corroborated mechanistically in vitro using immortalized cell lines, denotes that hypoxia and PD-L1-mediated T-cell exhaustion might be independent drivers of pNETs progression. 
In an attempt to further dissect the immunobiology of NETs we postulated whether PD-L1 expression might be involved in the process of metastatic dissemination of these tumours. Because CTCs are a prognostic biomarker linked to the metastatic potential of NETs
 ADDIN EN.CITE 
[32]
, we elected to evaluate PD-L1 expression status in CTCs from a pilot study of 12 prospectively recruited patients with advanced disease. Interestingly, we found that the vast majority of patients harbored a population of PD-L1 positive CTCs and that higher CTC counts correlated with heavier metastatic burden. Whilst limited by small sample size, our results are provocative in suggesting that PD-L1 up-regulation in CTCs might facilitate the survival of metastasizing cells in the bloodstream through suppression of antitumor immune clearance33[]
. This appears particularly relevant in NETs, where the activation of the PD-1/PD-L1 pathway in peripheral blood mono-nuclear cells is significantly associated with metastatic dissemination and disease evolution5


[ ADDIN EN.CITE ]
. Furthermore, the isolation of PD-L1(+) CTCs, recently replicated in an increasing number of malignancies
 ADDIN EN.CITE 
[15]
, ascribes metastatic NETs to the series of tumours where phenotypic characterization of CTCs might stand as a potentially useful surrogate of PD-L1 assessment in tumor specimens34[]
. Larger studies exploring the relationship between PD-L1(+) CTC counts, matched diagnostic tumor specimens and response to anti-PD-1/PD-L1 therapies should be conducted to explore the clinical utility of this approach.
Our study acknowledges a number of limitations. Firstly, none of the patients included in our study were treated with immunotherapy, highlighting the need for the features of the tumour microenvironment described here to be validated in relationship to response and survival following ICPI. Secondly, whilst tissue microarrays are a validated technology in the study of tissue biomarkers from archival material
 ADDIN EN.CITE 
[28]
, their use could have led us to underestimate the broader heterogeneity in biomarker expression that can be better appraised by staining whole tumor sections.   

To conclude, whilst clinical trials are underway to evaluate the efficacy of immunotherapy in NETs, our data suggest differential regulation of immune-tolerogenic pathways in the progression of these tumours and confirm the existence of a proportion of NETs showing immunobiologic features consistent with enhanced responsiveness to anti-PD-1/PD-L1 therapies. Consideration should be given to the quantification of these biomarkers in prospective studies as a measure to optimize the clinical development of anti-cancer immunotherapy.
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Figure Legends.
Figure 1. Panels A-C. Representative sections demonstrating PD-L1, PD-L2 and IDO-1 expression in NETs. Panels D-E. The distribution of PD-L1 and PD-L2 immunopositivity across site of origin and tumour grade, illustrating enrichment of PD-L1 expression in lung NETs and PD-L2 expression in pancreatic NETs. Panels F-G illustrate the relationship between PD-ligands expression and the presence of tumour necrosis or vascular invasion. 
Figure 2. Panels A-B. Representative sections of a PD-L1-expressing NET (Panel A) co-immunostained for CD8 (red chromogen), CD4 (brown chromogen), PD-1 (blue chromogen) and FOXP3 (green chromogen) using multiplex immunohistochemistry. These illustrate enrichment of a CD8+/PD-1+ and CD4+/FOXP3+ immune-suppressive infiltrate in PD-L1-expressing NETs (Panels C-D). Panel E. Histogram illustrating the inverse relationship between CD8+/PD-1+ and CD4+/FOXP3+ tumour infiltrating lymphocytes (TILs) density and tumour grade. Panels F-G. Histograms illustrating the relationship between CD4, CD8 (Panel F) and CD8+/PD-1+ and CD4+/FOXP3+ TILs in NETs (Panel G). Panel H. Histograms documenting the positive association between CD8+/PD-1+ and CD4+/FOXP3+ TILs and tumour necrosis. Panel I. Illustrates the PD-L1 and PD-L2 immunolabelling of cyto-cell block samples of pNET immortalized cell lines QGP-1 and BON-1 in relationship to MDA-MB-231 breast cancer lines used as positive controls. Panel L. Immunoblot for PD-L1, Carbonic Anhydrase IX (CaIX) and beta-actin showing the independence of PD-L1 expression from hypoxia in QGP-1 and BON-1 immortalised cell lines following a 24-hours incubation in a 1% oxygen atmosphere (hypoxia, H) in comparison with normoxic (N) or untreated controls (C). MDA-MB-231 cells, where PD-L1 is strongly induced during hypoxia, were used as positive controls. 
Figure 3. Panel A. Targeted transcriptomic analysis of G3WD-NETs (n=10) using Nanostring PanCancer Immune profiling illustrating the differential regulation of 22 gene expression signatures on the basis of site of origin (gastrointestinal, GI versus extra-gastrointestinal, eGI) and poor prognosis (<12 months vs >12 months OS). GI NETs display reduced expression of cancer-testis antigens (CT antigen) and lower expression of transcripts involved in immune-cell cytotoxicity compared to eGI NETs. Panel B. Volcano plot of differentially-regulated genes identified by Nanostring analysis. The Benjamini-Hockberg p-values are correlated to fold-changes in transcripts identified in G3WD-NETs with poor prognosis (defined as OS <12 months, n=6) versus G3WD-NETs with good prognosis (OS >12 months, n=4). Transcripts achieving statistical significance (FDR q-value of 5%) are highlighted by the presence of the corresponding gene name.

Figure 4. Panel A. Determination of PD-L1 expression in circulating tumour cells (CTCs) isolated from patients with NETs and in SKBR3 cells spiked into a healthy donor sample as a positive control. The specificity of PD-L1 immunostaining is proven by negative immunostaining with the isotypic control antibody and by positive staining in peripheral blood lymphocytes. Panel B. Proportion of PD-L1 immunopositive CTCs across the sampled patients with NETs (n=12).
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