Régis Souche 
  
Guillaume Tosato 
  
Benjamin Rivière 
  
Jean-Christophe Valats 
  
Antoine Debourdeau 
  
Nicolas Flori 
  
Didier Pourquier 
  
Jean-Michel Fabre 
  
Eric Assenat 
  
Jacques Colinge 
  
Jean- Christophe Valats 
  
PhD Andrei Turtoi 
email: andrei.turtoi@inserm.fr
  
  
Detection of soluble biomarkers of pancreatic cancer in endoscopic ultrasoundguided fine-needle aspiration samples

 

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a deadly malignancy that is frequently diagnosed very late due to the lack of specific symptoms and difficulties in identifying sensitive and reliable biomarkers [START_REF] Siegel | Cancer statistics, 2018[END_REF][START_REF] Ryan | Pancreatic adenocarcinoma[END_REF][START_REF] Paniccia | Characteristics of 10-year survivors of pancreatic ductal adenocarcinoma[END_REF][START_REF] Conroy | FOLFIRINOX or gemcitabine as adjuvant therapy for pancreatic cancer[END_REF][5]. To date, no biomarker or other test procedure is deemed suitable for early screening of patients for PDAC. The discovery of biomarkers that could diagnose early-stage, treatable lesions, depends on the availability of corresponding premalignant material. Tissues from preneoplasic lesions and untreated PDAC are practically unavailable for research, while liquid biopsies, such as blood, are difficult to mine for unknown molecules [START_REF] Korf | Ultraslow microdialysis and microfiltration for in-line, on-line and off-line monitoring[END_REF]. Soluble tumor biomarkers are usually found very diluted in the blood where they are also mixed with molecules originating from healthy tissues. The presence of a few highly abundant proteins in the blood further complicates the identification of molecules of interest. Challenged by this, the present study aimed at developing a novel diagnostic and prognostic biomarker discovery approach tailored for PDAC. The method, further referred to as PanEXPEL, exploits the interstitial tissue fluid released (expelled) from the lesion during diagnostic biopsy by endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA).

Methods

Full description of methodology is available in the online-only Supplemental Material.

Sample collection and study design

All patients with solid or cystic with solid component pancreatic lesions requiring EUS with transgastric/transduodenal FNA in the period from May to September 2018 were recruited into the present study. Patients underwent a primary EUS using the GF-UCT180 curvilinear array ultrasound gastrovideoscope (Olympus Corporation of the Americas, Center Valley, Pennsylvania, USA) and transgastric/transduodenal FNA using mostly a 22-G needle (range 19-25 G). After completion of FNA, the contents of the needle were rinsed in a preservation solution called ThinPrep Cytolyt Solution (RD-01612; Hologic, Inc., Marlborough, USA). Eventual biopsies were extracted for paraffin embedding and the remnant liquid was centrifuged (150 g for 10 minutes) in order to keep the pellet, which was transferred into PreservCyt (Hologic Inc.), vortexed, and inserted in the ThinPrep 5000 processor (Hologic Inc.). The cells were captured on a filter and then transferred to a glass slide in a circle 20 mm in diameter. This slide was analyzed by the pathologist to diagnose the pancreatic mass.

The remaining cell-free PreservCyt liquid was transferred to the laboratory on ice and stored at +4°C for 2 weeks. This was the material used for the proteomics study (see Supplementary Material). The clinical and biological characteristics of individual patients involved in the study were collected retrospectively 1 year following the initial EUS-FNA sampling. During the study period, 180 PreservCyt samples were collected, of which the first 43 consecutive PDAC and 15 non-PDAC patients were included for a pilot proteomic analysis.

The study was approved by the ethics committees of the Montpellier University Hospital and the ICM cancer clinic (NCT03791073). During sample analysis, informed consent was specifically obtained for the research protocol from all patients.

Results

Patient cohort, sample collection, and proteomic analysis of PreservCyt samples

Our cohort consisted of 58 patients who underwent EUS-FNA. Most patients had PDAC (n = 43, 74%) (Table 1) diagnosed at advanced stage (T4) (Table 1, Fig. 1s a).

Pathologists could not diagnose seven of those cases, either because only normal tissue was recovered (one case) or because samples were devoid of cells (six cases). These seven patients underwent additional EUS-FNA until a diagnosis could be made. It is important to note that only the initial EUS-FNAs were used for PanEXPEL in every case. Most of the lesions were located in the head of the pancreas (n = 44; 76%).

Diagnosis as well as clinical and biological data are provided in Table 1s and Fig. 1s b.

Visual examination of the EUS-FNA preservation fluid (PreservCyt) revealed a readily obtainable protein precipitate upon centrifugation. Solubilization of these proteins followed by bicinchoninic acid quantification showed that the median protein quantity recovered from a single PreservCyt sample was 1953 µg in PDAC samples and 2190 µg in non-PDAC samples (Fig. 1s c). Following protein extraction, the samples were submitted to standard shotgun proteomics procedures, which identified and quantified 2538 proteins (data available on request).

Identification of a PDAC vs. a non-PDAC protein signature

A robust protein signature discriminating PDAC from non-PDAC samples was searched using supervised statistical learning. It resulted in the selection of 19 proteins: AGR2, PIGR, CP2S1, MYH14, K2C7, K1C19, K1C18, K2C8, K1C17, SPB5, ANXA2, ANXA3, ANXA4, CEAM6, DMBT1, MAL2, OLFM4, SERPH and TIMP1 (Fig. 1a). We defined a protein signature score (PSS) as the sum of the normalized, log10-transformed expression values of these 19 proteins in each sample. PSS was found at significantly greater frequency in PDAC patients than in non-PDAC patients (mean and standard deviation [SD] 98.8 [6.6] vs. 83.7 [6.4]; P < 0.001) (Fig. 1a). PSS was independent of any clinical variable (Table 2 and Supplemental Material Table 2s).

Clinical and biological variables are shown in Fig. 1a. A PSS threshold of 88.5 (95% confidence interval [CI] 83.8-94.4) was determined by using the Youden index (a common tool to find score thresholds optimizing both sensitivity and selectivity) combined with a bootstrap procedure (1000 times) to estimate the 95%CI (Fig. 1b).

The corresponding sensitivity of the PSS was 0.92 (95%CI 0.79-0.98) while specificity was 0.85 (95%CI 0.67-0.93), with an estimated area under the curve of 0.93 (95%CI 0.83-1.00) (Fig. 1c). The PSS led to two false-positive and one false-negative result (Fig. 1b). EUS-FNA led to four false-negative patients (refer to "Biopsy" and "Diagnostic" annotations in Fig. 1a); three of these patients were correctly diagnosed using the PanEXPEL-derived PSS.

Integrating PDAC signature with clinical variables

We explored the potential combination of PSS with clinical variables. Logistic regression of individual covariates showed that only age and PSS were associated with a positive diagnosis of PDAC: age (odds ratio [OR] 1.16, 95%CI 1.02-1.31; P = 0.02) and PSS (OR 1.39, 95%CI 1.16-1.68; P < 0.001)(Table 2, Table 2s). Age and PSS were not correlated with each other (Fig. 2a), and we therefore decided to combine them in a predictive model. We chose recursive partitioning regression [START_REF] Tang | Application of a model-based recursive partitioning algorithm to predict crash frequency[END_REF] for the simplicity and explicit nature of the resulting decision tree (Fig. 2b). Whereas the negative and positive predictive values of PSS alone were 81.3% and 95.2%, respectively, the decision tree augmented both the negative and positive predictive values to 92.3% and 100%, respectively. The age threshold in the tree classifier (Fig. 2b) was 54 years (95%CI 51.2-68.6; by bootstrap 1000 times). The PSS threshold in the same tree was 85 (95%CI 83.7-94.4).

Relevance of clinical and biological PDAC signature protein

Correlation analysis of the 19 proteins included in the PDAC signature revealed three main groups (Fig. 2s a). Groups 1 and 3 consisted of strongly correlated proteins related to cell growth (development and differentiation) and immune system-associated processes (neutrophil degranulation and cytokine/interleukin signaling). We further interrogated our data to test whether the protein signature was associated with survival.

We naturally restricted the analysis to the 43 PDAC patients, as the inclusion of non-PDAC patients would have induced a trivial association with survival. We started by testing each variate separately constructing univariate Cox models. We found that two clinical variables were associated with survival, age and gender, and that PSS was not (Table 3s). We therefore established a first (basal) bivariate Cox model using those two clinical variables only. For this bivariate model, the hazard ratio of poor survival significantly increased with age (over 70 years, hazard ratio [HR] 2.62, 95%CI 1.13-6.07; P = 0.011) and male gender (HR 3.72, 95%CI 1.24-11.1; P = 0.027). We tested individual proteins, which upon addition as third covariate to the basal model would significantly increase the predictive value (Fig. 2s b). Only six proteins showed an impact on three on survival loss (PIGR, SPB5, ANXA3), and three on survival gain (AGR2, SERPH, ANXA4). No relationship with the protein groups reported in Fig. 2s a was found.

Discussion

In current practice, PDAC diagnosis is performed on cells or tissue fragments present in the EUS-FNA (with optional fine-needle biopsy [FNB]) using microscopy, while the remnant fluid itself is disregarded after tissue filtration. Our study demonstrates that the PreservCyt fluid is actually a rich source of proteins that derive from the tumor site, more specifically from the tumoral tissue interstitial fluid. Those proteins are therefore likely to be released into the serum [START_REF] Korf | Ultraslow microdialysis and microfiltration for in-line, on-line and off-line monitoring[END_REF][START_REF] Fogh-Andersen | Composition of interstitial fluid[END_REF][START_REF] Gromov | Tumor interstitial fluida treasure trove of cancer biomarkers[END_REF][START_REF] Pavlou | The cancer cell secretome: a good source for discovering biomarkers?[END_REF][START_REF] Gronborg | Biomarker discovery from pancreatic cancer secretome using a differential proteomic approach[END_REF][START_REF] Schaaij-Visser | The cancer secretome, current status and opportunities in the lung, breast and colorectal cancer context[END_REF]. Indeed, all 19 proteins of our PDAC signature have been identified in the serum (Human Plasma Proteome Project Data) [START_REF] Farrah | A high-confidence human plasma proteome reference set with estimated concentrations in PeptideAtlas[END_REF]. In our pilot biomarker discovery study, we also show the value of using a PSS to identify PDAC among patients with suspicious pancreatic lesions. Alone, PSS achieved a 95.2% positive predictive value, whereas in combination with clinical data (patient age) it reached 100%. The negative predictive value was 81.3% for PSS alone and 92.3% when combined with patient age. PSS (alone) led to two false-positive predictions, one of which was an intraductal papillary mucinous neoplasm (P72), which was ultimately diagnosed as PDAC six months after the biopsy. Interestingly, even when an inability to recover intact cells prevented pathologists from making a diagnosis (inconclusive biopsy), the PreservCyt liquid nonetheless contained proteins that enabled a correct PSS-based diagnosis. Namely, in four such cases, PSS correctly identified three cases based on PreservCyt fluid obtained from the initial biopsy. Owing to the late diagnosis, most of the patients in our study were at stages T2 to T4 of the disease. Accordingly, PSS and the majority of the 19 proteins in the current PDAC signature did not correlate with patient survival. However, of the six proteins that did correlate with survival (AGR2, PIGR, SERPH, SPB5, ANXA4, and ANXA3), some were previously reported as key for PDAC initiation (AGR2, PIGR, and ANXA4) [START_REF] Dumartin | ER stress protein AGR2 precedes and is involved in the regulation of pancreatic cancer initiation[END_REF][START_REF] Arumugam | Expression of polymeric immunoglobulin receptor and stromal activity in pancreatic ductal adenocarcinoma[END_REF][START_REF] Tian | Proteomic analyses of ECM during pancreatic ductal adenocarcinoma progression reveal different contributions by tumor and stromal cells[END_REF], indicating that the PanEXPEL approach has the potential to identify known as well as novel markers.

While the present study highlights a new source of PDAC biomarkers and a method to mine them, there are several limitations of the study that preclude the immediate use of the proposed biomarker signature in the clinical setting. The main limitations are small sample size, the retrospective assessment of clinical data, and the lack of external validation of our model. Reinforcing the present biomarker signature will critically require studies including larger cohorts of patients. They should also seek to develop assays that will enable the measurement of specific PDAC proteins secreted directly into patient blood, with the goal of creating a noninvasive, early diagnostic PDAC test.

It is equally important to mention that the present study included patients who underwent EUS-FNA requiring ThinPrep process and cytology. FNB with dedicated core was introduced progressively during the study period in addition to FNA. Those FNB samples were treated separately in formalin solution and were not examined using the present experimental protocol. Future studies should also clarify whether FNB is equivalent or provides even more suitable material from which to extract soluble proteins from pancreatic tissue. Based on the results reported here, we have recently initiated a new clinical study that should address all these shortcomings (PanExpel2, NCT04370574). 

Fig. 1

 1 Fig. 1 Identification of a pancreatic ductal adenocarcinoma (PDAC) protein

Fig. 2 b

 2 Fig. 2 Combining the protein signature score (PSS) with clinical variables.
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