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There is a urgent need for valuable strategy in early and less invasive diagnosis for cancer. Preliminary data have shown that the plasmatic levels of exosomes increase in cancer condition. This study investigates the relevance of plasmatic levels and size distribution of exosomes in 42 individuals with no signs of urological disease (CTR) as compared to 65 prostate cancer patients (PCa). It was used Nanoparticle Tracking Analysis (NTA), a highly reliable and sensitive method for exosomes characterization and quantification. The relation structure among the NTA-derived parameters was assessed by means of Principal Component Analysis, which allowed detecting the global discriminant power of NTA test in terms of Receiver Operating Characteristic (ROC) curve and the selection of cut-off thresholds. The results showed that PCa had significantly higher plasmatic levels of exosomes and that the exosomes were smaller in size as compared to the CTR; the values reached 89% sensitivity and 71% specificity, in distinguishing PCa from CTR. These results propose a new exosome-based non-invasive clinical approach for the clinical follow-up of prostate cancer undergoing surgical treatment; in addition this method may be developed as a new screening test for prostate cancer’s early diagnosis. While this clinical study was performed in prostate cancer, it may represent a proof of concept extendable to virtually all cancers, as it is suggested by both pre-clinical evidence and clinical data obtained with different technical approaches.
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Introduction

Among the common phenotypes characterizing malignant tumors, hypoxia, low nutrient supply, extracellular acidosis are by far the most relevant. Recent evidence has suggested that the increased number of exosomes may well implement this list (1–4). Exosomes received considerable attention in the last decade for their peculiar structure, biophysical properties and function in a plethora of biological processes in which they are involved (5–7). Exosomes are extracellular nanovesicles (40–180 nm) released by virtually all cell types under normal and pathological conditions (5, 6, 8–10). Thanks to the ability to transmit their cargo of lipids, proteins, DNAs, mRNAs, miRNAs, and other metabolites into the target cells, exosomes play a pivotal role in intercellular communication. Indeed, exosomes can modulate both physiological and pathological processes, including tumor progression, elimination of toxic substances, as well as drug and therapeutic antibodies delivery (5, 6, 8, 10–15). For these reasons they have been investigated for a clinical application as well, including both diagnosis and therapy.

In fact, due to their ability to deliver a broad range of molecules, exosomes are considered the ideal source of new and more specific tumor biomarkers (5–7, 16–26), including fully active molecules (e.g. CAIX) (27). The few clinical studies have shown that exosomes are detectable in many biological fluids where they have been investigated in both normal and disease conditions (5, 28–31). Exosomes continuously travel the body and an interest is growing to their ability to protect delivered molecules by packaging them within lipid vesicles (32).

However, to date, notwithstanding the increasing preclinical evidence, the data supporting the presence of specific tumor markers in exosomes from either plasma or other body fluids samples are still inconclusive. On the other hand, a critical role of plasmatic levels of exosomes in the clinical follow up of tumor patients has been hypothesized (18). The first evidence supporting the potential use of exosome levels in human body fluids as a tumor progression marker was in melanoma patients with advanced disease (28). Melanoma patients showed significantly increased level of plasmatic exosomes as compared to healthy donors (28). Pre-clinical evidence has also shown that the increased levels of plasmatic exosomes were directly related to the presence of a tumor mass (28). More recent reports have shown that the surgical treatment of the primary tumor led to a dramatic reduction of the plasmatic exosome levels (33, 34). Preclinical investigation has shown that the microenvironmental acidity induces a marked increase in exosome release by tumor cells, independently from the tumor histotype, thus providing a possible etiopathogenetic role of paracrine factors for the increased plasmatic levels observed in cancer patients (9, 35). Pre-clinical investigation has also shown that tumor microenvironmental acidity is responsible for the release of smaller exosomes with a more homogeneous distribution as compared to the exosomes released at buffered conditions (9, 35). Thus, it appears conceivable to hypothesize that in tumor patients microenvironmental acidity may have a pivotal role in determining both the increase of circulating exosomes and their size reduction (10). Together with influencing exosome number and size, tumor acidity induces over-expression of known tumor biomarkers such as PSA (Prostate Specific Antigen) in exosome from prostate cancer patients (35). A recent clinical study has shown that the expression of PSA on plasmatic exosomes distinguished prostate cancer patients from both Benign Prostate Hyperplasia (BPH) and healthy subject (36). Tumor microenvironmental acidity influenced also the expression of proteins, such as CAIX, that on exosomes exert their full enzymatic activity (27, 37). Moreover, CA IX expression and activity were correlated to the exosome intraluminal acidic pH, showing for the first time that plasmatic exosomes from tumor patients are acidic (27).

Some clinical studies have also shown that the number of plasmatic exosomes may represent a valuable new tool for monitoring cancer patients, while obtained with two different techniques and in different cancer hystotypes, such as prostate cancer (35) and oral cancers (34). On the basis of these two very preliminary studies we decided to carry on with a clinical study aimed at assessing the clinical relevance of both the number and size distribution of plasmatic exosomes independently from the potential presence of known or unknown molecular biomarkers. To this purpose we compared a cohort of prostate cancer patients (PCa), to individuals with no signs of urological disease (CTR). The technological approach was to exploit the Nanoparticle Tracking Analysis (NTA), following the repeated rounds of ultracentrifugation, for exosomes characterization and quantification since it is considered a reliable, efficient, and objective technique for the study of exosomes (9, 28, 35, 36, 38–40). This assay was performed in plasma samples from 65 PCa and 42 CTR, providing detailed information on both the exosomes plasmatic levels (particles/ml) and the size distribution (nm). The results showed that the number and size of plasmatic exosomes significantly distinguished PCa patients from the CTR group with high sensitivity and specificity. We consider our results of great importance in providing a non-invasive new tool allowing to distinguish prostate cancer patients from healthy subjects, but also exploitable for early screening, diagnosis, and clinical follow-up of all malignant tumors.



Materials and Methods


Population

The review board of each participating institution approved the trial, which was conducted in accordance with the current International Conference on Harmonisation guidelines for Good Clinical Practice and the principles of the Declaration of Helsinki. The study was approved by the Istituto Superiore di Sanità Ethics Committee on 18/04/2017 (Rif. Prot. PRE-275/17). Written informed consent was obtained from all subjects involved in the study.

All authors assume responsibility for the completeness and accuracy of the data and analyses and for the fidelity of the trial to the protocol. All the authors had full access to the data, drafted the manuscript, reviewed and approved the manuscript before submission, and made the decision to submit the manuscript for publication. No sponsor provided funding for the study.

Eligible cases were divided in 2 groups: control cases (CTR) and prostate cancer cases (PCa). All cases were consecutively included in the study as out-patients referred to Department of Urology on the basis of the inclusion criteria. Patients were correctly informed, accepted to be included in the study, and signed an informed consensus prior to each procedure. Human plasma samples were collected from EDTA-treated whole blood, 5 mL into BD Vacutainer® K3-EDTA-coated collection tubes (Beckton Dickinson, Franklin Lakes, NJ, USA), from department of Urological Sciences, Policlinico Umberto I, Sapienza University of Rome, Italy. Once collected, the samples were labeled by the clinical center with an identification code and were manipulated anonymously and blinded in the testing phase with the code assigned by the clinical center.

This is an experimental observational clinical research study in which no additional and/or administered drug tests and/or modified therapy are performed. The aim of this study was to compare a population of males without signs of urological disease to prostate cancer patients that were pooled between individuals with different Gleason score.

More in details:

	CTR. The control group consisted of 42 male individuals consecutively referred to our department with the following inclusion criteria: age from 18 to 50 years; no clinical evidence of BPH or PCa [digital rectal examination (DRE) and ultrasonography (US)]; prostate volume less than 30 cc; total PSA level less than 1.4 ng/mL; no familiarity for PCa; no therapies that can influence PSA determination; no acute prostatic inflammation; no prostatitis.

	PCa. The PCa group consisted of 65 male individuals from 51 to 80 years consecutively referred to our department with a histologically confirmed diagnosis of prostate adenocarcinoma (prostate biopsy). Total PSA (ng/mL) were from 1.8 to 100.0. None of cases was submitted to androgen deprivation therapies, chemotherapies, new generation hormone therapies or other therapies that can influence PSA determination. No acute prostatic inflammation, no prostatitis. All cases were stratified in risk classes (low, intermediate or high according to EAU classification) based on total PSA levels, Gleason score [6 (3 + 3), 7 (3 + 4), 7 (4 + 3), 8-10], and clinical stage (T1-T2 N0 M0, T3 N0 M0 or N1).





Preparation of Exosomes From Plasma of CTR and PCa

To obtain plasma from blood samples, EDTA-treated blood from PCa patients and CTR were centrifuged at 400 x g for 20 min. Plasma was then collected and stored at −80°C until analysis. Upon thawing, 1 mL of plasma underwent the centrifugal procedure as previously described (6, 41) in order to eliminate cell debris, organelles and microvesicles, and pellet exosomes. In the last step, plasma samples were centrifuged for 1 h 30 min at 110,000 x g using a Fiberlite™ F50L-24 x 1.5 Fixed-Angle Rotor, K-Factor: 33 (Thermo Fisher Scientific, Waltham, MA, USA) in the Sorvall WX Ultracentrifuge Series (Thermo Fisher Scientific), to obtain the exosomal pellet, which was then washed in PBS and resuspended in the appropriate buffer for subsequent analyzes. In particular, the exosomal pellet was resuspended in PBS for Nanoparticle Tracking Analysis and Flow Cytometry Analysis, and in CHAPS buffer 1x for western blot analysis.



Nanoparticle Tracking Analysis

Nanoparticle Tracking Analysis (NTA) from Malvern (NanoSight NS300, Worcestershire, UK) was used for the measurement of size distribution and concentration of exosomes samples in liquid suspension in the range from 10 – 1000 nm based on the analysis of Brownian motion (35). Following laser beam illumination, the light scattering allowed to visualize, record and track the particles with a CCD or CMOS camera. Five videos of typically 60 s duration were taken. Data were analyzed using the NTA 3.0 software (Malvern Instruments) which was optimized to first detect and then track each particle on a frame-by-frame basis. NTA is based on the phenomenon of the random movement (diffusion) of small particles when they are dispersed in a liquid, allowing direct and precise measurement of the concentration and size of the particles. The Brownian motion of each particle was tracked using the Stokes–Einstein equation: D° = kT/6πηr, where D° is the diffusion coefficient, kT/6πηr = f0 is the frictional coefficient of the particle, for the special case of a spherical particle of radius r moving with uniform velocity in a continuous fluid of viscosity η, k is Boltzmann’s constant, and T is the absolute temperature.

The evaluation of the Particle Size Distribution (PSD) was performed through the parameters Mean, Mode, SD, D10, D50 (Median) and D90 which indicate respectively the average, most frequent particle class size, standard deviation, and the 10%, 50% and 90% percentiles of the analyzed particles. Specifically, D10, D50 and D90 indicate the size below which 10%, 50% and 90% respectively of total number of exosomes is included, mean and mode point to the average particle size and the most represented size value respectively, while SD is the standard deviation (average distance from the mean) of the distribution.



Western Blot Analysis

For the two groups (CTR and PCa), 4 mL of plasma was pooled and Size Exclusion Chromatography (SEC) was performed for the isolation of plasma-derived exosomes, as described previously (42).

Exosomes from plasma of CTR and PCa patients were lysed in CHAPS buffer 1x containing Tris 10 mM pH 7.4, MgCl2 1 mM, ethyleneglycoltetraacetic acid (EGTA) 1 mM, CHAPS 0.5%, glycerol 10%, phenylmethylsulfonyl fluoride (PMSF) 1 mM and protease inhibitor cocktail (1 µg/mL leupeptin, 1 µg/mL pepstatin A, 1 µg/mL aprotinin, and PMSF 1 mM). Protein concentration was determined using the Bradford protein assay (Bio-Rad Laboratories, Inc, Hercules, CA, USA). Thirty micrograms of exosomal lysates were resolved on 10% acrylamide gel and transferred to a Protran BA85 nitrocellulose membrane (Schleicher & Schuell, Keene, NH, USA).

Nonspecific binding sites were blocked by incubation in PBS containing 0.05% Tween 20 and 5% milk powder. Blotting was performed using anti-Tsg 101 (C-2, Santa CruzBiotechnology, Dallas, TX, USA), anti-CD81 (B-11, Santa Cruz Biotechnology, Dallas, TX, USA), and anti-Alix (3A9, Thermo Fisher Scientific, Waltham, MA, USA) monoclonal antibodies, for 18 h at 4°C. After incubation with appropriate anti-mouse peroxidase-conjugated secondary antibody (IgG; Amersham Biosciences, Milan, Italy) for 1 h at room temperature, membranes were revealed by enhanced chemiluminescent (ECL) substrate (Thermo Fisher Scientific,Waltham, MA, USA).



Flow Cytometry Analysis of Exosomes

Exosomes purified from plasma were diluted in PBS in a final volume of 50 µL. Anti-human CD81 allophycocyanin (APC) conjugated (Beckman Coulter, Brea, CA, USA) and anti-human PSA fluorescein (FITC) conjugated (clone 5A6, Abcam, Cambridge, UK) or anti-human IgG2a APC conjugated and anti-human IgG1 FITC conjugated (Beckman Coulter) were added to the exosome preparation at optimal pre-titered concentrations and left for 20 min at RT. The same procedure was performed for the analysis of anti-human CD9 phycoerythrin (PE) conjugated (M-L13, RUO (GMP) BD Biosciences, USA) and anti-human PSA fluorescein (FITC) conjugated (clone 5A6, Abcam, Cambridge, UK), using anti-human IgG1 (PE) conjugated and anti-human IgG2a (FITC) conjugated as isotype controls, respectively.

500 µL of PBS were added to samples before the acquisition on the CytoFLEX flow cytometer (Beckman Coulter).

The cytometer was calibrated using a mixture of non-fluorescent silica beads and fluorescent (green) latex beads with sizes ranging from 110 nm to 1300 nm. This calibration step enables the determination of the sensitivity and resolution of the flow cytometer (fluorescent latex beads) and the size of extracellular vesicles (silica beads). All samples were acquired at low flow rate for the same amount of time in order to obtain an estimate of absolute counts of exosomes comparable between various samples. The analysis of the data was performed with FlowJo software (FlowJo, LLC; Ashland, Oregon, USA) (35, 36).



Statistical Analysis

The inferential statistics was based upon the t-test over the above described parameters of PSD distribution, adopting the Satterwaithe correction when in presence of a statistically significant difference in the standard deviation of the two groups.

The relation structure among the NTA-derived parameters was assessed by means of Principal Component Analysis: the first two extracted components (PCnano1, PCnano2) were used to calculate a canonical variate by which assess the global discriminant power of NTA test in terms of Receiver Operating Characteristic (ROC) curve. ROC strategy allowed the estimation of both the global discriminant ability of the test (area under the roc curve, AUROC) and the selection of cut-off thresholds maximizing sensitivity (percentage of correctly diagnosed PCa patients) and specificity (percentage of negative result in CTR individuals) (43). In order to eliminate the suspect of an effect of disease/age necessary link, we checked the possible confounding role of different ages in the two groups by computing the Pearson correlation between both exosome concentration and size with age separately in the two CTR and PCa classes. No statistically significant correlation was scored (Supplementary Table S1). The lack of any statistically significant correlation between age and exosome descriptors, albeit indirectly, rules out any possible effect of age on the results. The statistical analysis of the results obtained was being performed with the SAS System program 9.4 version. The analysis of the ROC curves was performed by Sigma Plot 11.2 version.




Results


Characterization and Distribution of Plasma Exosomes Between PCa Patients and Individuals With No Signs of Urological Disease (CTR) by Nanoparticle Tracking Analysis (NTA)

Plasma exosomes from PCa and CTR were characterized for number and size distribution by NTA (Figure 1), for the expression of exosome housekeeping markers by Western blot analysis (CD81, Tsg 101 and Alix, Supplementary Figure S1) (35, 36), and for the contemporary expression of exosome housekeeping markers (CD9 and CD81) and PSA by Nanoscale Flow Cytometry (Supplementary Figure S2) (35, 36).




Figure 1 | Representative NTA distribution of plasma exosomes in CTR individuals (A) and PCa patients (B).



We first compared PCa and CTR groups in terms of both size and number (concentration) by NTA (Figure 1). Figure 1 shows a representative NTA distribution of exosome samples by either CTR (Figure 1A) or PCa (Figure 1B), as far as either size (nm, abscissa axis) or number (particles/ml, ordinate axis) are concerned.

The statistical analysis showed a significant difference between CTR and PCa exosome plasma samples (Table 1) for both the concentration and the size parameters (with the only exception of SD). In particular the difference in terms of the exosome number between PCa patients and CTR was highly significant (p<0.0001).


Table 1 | Descriptive and inferential statistics or the two patient groups (PCa = Prostate Cancer, CTR = individuals with no signs of urological disease) as for the entire set of NTA derived descriptors.



It is worth noting a significant increase in number of exosomes in PCa as well as the shrinking in their size as registered by all the size descriptors. On the other hand, the SD of the size distributions relative to PCa and CTR are substantially identical, suggesting a general (‘rigid’) shift of distribution going from CTR to PCa.

In detail, the graphs in Figures 2 and 3 represent the NTA variables distribution of PCa and CTR included within the 25th and 75th percentiles, discriminating PCa from CTR. PCa exosomes were not only more numerous, but also smaller than the CTR exosomes. In fact, all the dimensional distribution parameters analyzed (such as mean, mode, D10, D50 and D90) were significantly different between the two groups (Table 1; Figures 2 and 3). Mean (nm) and mode (nm) are parameters useful for describing the set of size of exosomes and their frequency distribution in each plasma sample. D10, D50 and D90 are dimensional parameter that indicate that 10%, 50% and 90% respectively of the exosomes are included below the corresponding nanometers, indicating the spread of exosomes sizes within the sample.




Figure 2 | NTA distribution and quantification of CTR and PCa plasmatic exosomes by concentration (A) and size (B) parameters included within the 25th and 75th percentiles.***p< 0.001, ****p< 0.0001.






Figure 3 | NTA distribution parameters (mode, D10, D50 and D90), correspondent to (A), (B), (C) and (D) panels respectively of CTR and PCa plasmatic exosomes included within the 25th and 75th percentiles. **p < 0.01, ****p< 0.0001.



After, the number of PSA-expressing exosomes (NSFC-exo) was acquired using the Nanoscale Flow Cytometry (NSFC) technique and underwent the same statistical analysis adopted for assessing the between group differences relative to the global exosome population. Interestingly, the PSA-specific index (NSFC-exo) showed an almost perfect separation between the groups for the virtual absence of PSA-carrying nanoparticles in healthy subjects (data not shown), supporting our previous results (36).

The aim of the current study was primarily to compare the NSFC-exo in terms of exosomes number and size, between PCa patients and CTR. The analysis of PSA-specific index must be intended as instrumental for checking the hypothesis if the aspecific exosome distribution approach was guided by PSA-containing sub-population of vesicles or if it carried autonomous information as we discuss in the following.



Mutual Relation Between the Size and Number of PCa and CTR Plasma Exosomes

The following statistical analysis was aimed at investigating the mutual relationships between size and number of plasmatic exosomes. For this purpose, we computed a Principal Component Analysis (PCA) over the original data set having the participants (both CTR and PCa) as statistical units and the NTA-derived indexes as variables (Table 2). Three principal components explain the totality of the variance (96.7%), but the first two components (PCnano1, PCnano2) account for the by far the most relevant part of information. As a matter of fact the relative proportion of variance explained by the two main components was: PC1 (PCnano1): 71.7%, PC2 (PCnano2) = 15.0% with a cumulative proportion of explained variance equal to 86.7%.


Table 2 | Component Loadings.



The inspection of the loading matrix (loadings are the correlation coefficients between original variables and components, bolded the most relevant correlations) is reported in Table 2 allows us to immediately discover the mutual independence of size (PCnano1) and number (PCnano2) of exosomes (principal components are each other orthogonal by construction). Both size (PCnano1) and concentration (PCnano2) allow for a clear separation of PCa and CTR patients (Figure 4).




Figure 4 | Projection (component scores) of participants in the bi-dimensional space spanned by the two principal components (PCnano1 = exosome size component, and PCnano2 = exosomes number component).



Assuming that the principal components are each other orthogonal by construction, the mutual independence of the size and number of exosomes suggests that the PCa vs. CTR separation obtained by these two components results from two independent mechanisms even if both related to cancer condition. This is evident in Table 3 reporting the descriptive and inferential statistics for PCnano1 and PCnano3 in the two groups. It is worth noting that principal component scores have by construction zero mean and unit standard deviation on the entire data set (PCa + CTR) and are each other mutually orthogonal. Both size and concentration components show a neat statistical significance as for PCa vs CTR comparison, their mutual linear independence allows us to hypothesize that shrinkage and concentration increase of exosomes derive from two different mechanisms, even if both related to cancer condition.


Table 3 | Descriptive and inferential statistics of the two patient groups (PCa and CTR) as for the two main principal components of NTA derived descriptors.



The plot in Figure 4 reports the distribution of exosomes in the PCnano1 (size) and PCnano2 (concentration), highlighting a clear shift of tumor samples on the top left part of the graph (high number/small size).



ROC Curve Between PCa Patients and CTR

While the above reported analyses re-assure us of the biological relevance of both exosome concentration and size in cancer, they do not allow to assess the prognostic and diagnostic relevance of ‘aspecific’ exosome descriptors. In a previous study (36) we already assessed the ability of a specific (PSA-carrying) exosome sub-population in discriminating prostate cancer from healthy donors. The results of the above study actually provided a new approach in distinguishing not only prostate cancer from individuals without a cancer, but also prostate cancer patients from patients with prostate benign hypertrophy (BPH), that is considered a benign inflammatory condition, but with some signs that too often may lead to a cancer over diagnosis, such as the serum PSA levels. However, we were also very curious to extend our previous very preliminary observation showing higher levels of plasmatic exosomes in prostate cancer patients, while with small numbers. With the results of the present study we do not want to suggest a generalized shift from a specific to an aspecific approach; rather a complementary use of the aspecific approach (i.e. plasmatic exosome levels) in a ‘primary screening for the presence of a cancer disease’ made by the Nanoparticle Tracking Analysis technology that can provide a precise analysis of both number and size of plasmatic exosome, while with no direct relation to their specific content, in terms of molecular biomarkers.

Here we pursue a much more ambitious goal: to use only exosome-related information with no reference to a specific biomarker for cancer screening. As a consequence, we do expect a decreased predictive power with respect to the specific approach. This decrease in predictive power is in any case balanced by the much easier (and less costly) procedure and by the promise the simple evaluation of exosome concentration and size could be a warning signal of the presence of a cancer, independently of its particular biotype. We faced this task by a canonical discriminant analysis having as X variables PCnano1 and PCnano2 and as Y variable the healthy/patient categorization. The goal of canonical analysis is to generate a pair (canonical variates) of linear combinations of X and Y variables endowed with maximal mutual correlation (44). In the particular case of canonical discriminant analysis there is only one Y variable expressed in categorical (in this case binary) values. Thus implies we are looking for the linear combination of PCnano1 and PCnano2 that allows for the best separation of PCa and CTR subjects. The procedure generated a pair of canonical variates endowed with a statistically significant correlation (Canonical Correlation = 0.58, F-value = 27.05 p < 0.0001). The formula of linear combination of the canonical variate relative to PCnano1 and PCnano2 was CanVar1 = -0.68 *PCnano1 + 1.02*PCnano2.

As expected, the coefficient for the number of exosomes component (PCnano2) was higher than the one for exosomes size due to the higher discriminant ability of exosome number with respect to their size. Under the same heading, the coefficients for the two components have an opposite sign reminiscent of the ‘increase in number’ and ‘decrease in size’ effect of cancer (Figure 5A).




Figure 5 | Canonical Variate distribution (CanVar1) (A) and Receiving Operating Characteristics (ROC) curve (B) relative to cancer-healthy discrimination based on CanVar1.



The ROC analysis performed on the canonical variate (CanVar1) gave rise to a statistically significant discrimination (AUROC = 0.86, p < 0.0001) and maximal sensitivity/specificity at cut-off = -0.544 (canonical variate is a z-score with mean zero and unit standard deviation) reaching 89% sensitivity and 71% specificity (Figure 5B).



Non-Specific Predictivity of Cancer Risk With Exosome Concentration and Size

Despite the “non-specific” (no consideration of PSA expression) predictivity is lower than the specific one of PSA-expressing exosomes, it allows for a very considerable predictive power that could be useful for a future ‘first-level screening’ of general cancer risk or cancer staging. To this aim, it is interesting to check the relation structure among non-specific and specific exosome-based biomarkers. The demonstration of a certain degree of independence of ‘aspecific’ (PCnano1, PCnano2) exosome descriptors from PSA specific (NSFC-exo) one, points to the fact cancer-healthy discrimination obtained by exosome size and number builds upon biological features not strictly related to prostate cancer specificity and thus could be used for ‘general’ cancer screening.

Table 4 reports the pairwise correlation between the above mentioned aspecific and specific scores. The specific biomarker (NSFC-exo) only has a statistically significant (but relatively weak) correlation with PCnano2, PCnano1 and PCnano2 are mutually orthogonal by construction and PCnano1 is completely independent (near zero correlation) with NSFC-exo. This result indicates that the ‘cancer-related information’ exploited by both the size and number of exosomes is widely independent to the specific (prostate) cancer type. This result is particularly promising for the future use of size and concentration of exosomes as a general cancer biomarker.


Table 4 | Pearson correlation coefficients between PCnano1, PCnano2 and NSFC exo.






Discussion

Although research efforts, the burden of cancer keeps on increasing without showing stop signs or forthcoming hopes that the trend will reverse (45–54). The need to detect new and more effective prevention and therapeutic strategies has been finding promising new hopes in exosomes in recent years because of their unique properties as well as their involvement in several physiological and pathological processes. Previous investigation have shown that these nanovesicles can be purified from body fluids, including plasma, and there characterized and quantified (28, 34, 35). This, study was set up to show through a really objective assay, i.e. Nanoparticle Tracking Analysis (NTA), that physical parameters, such as the number and the size of plasmatic exosomes, could distinguish cancer patients from healthy subjects, with the ultimate goal to provide a new non-invasive tool based on quantification of circulating exosomes for diagnosis and clinical follow up of prostate cancer. We used NTA, a highly reliable and sensitive method of exosomes characterization and quantification (9, 35, 36, 38–40). In this kind of study, when a population of patients with a prostate cancer diagnosis before surgery and medical therapy was compared to a healthy males’group we have been obliged to use “individuals with no signs of urological disease”, as control group; in turn meaning males under 50 years old while the PCa was of over 50 aged males. This allowed us to compare the plasmatic levels of exosomes between healthy males and cancer patients. We preliminary showed that there was no correlation in terms of age between the two groups (Supplementary Table S1). Thus, we analysed the data comparing the two groups in term of either number and size. The results showed that plasmatic exosomes from PCa patients were significantly more numerous and smaller as compared to plasmatic exosomes from the group of CTR. Indeed, all analysed variables (concentration, mean, mode, D10, D50, D90) were significantly different between CTR and PCa subjects. Among these non-specific indices, the most discriminating variable was the number of exosomes (p<0.0001). Then, through computing Principal Component Analysis (PCA), we showed that both size (PCnano1) and plasmatic concentration (PCnano2) of exosomes caused significant discrimination between PCa and CTR individuals, but through two independent mechanisms. The mutual independence between size and number of exosomes further was validated through the computation of the canonical variate coefficient. The ROC analysis performed on the combination of the size and number of plasmatic exosomes (canonical variate 1, CanVar1) showed a maximal sensitivity (89%) and specificity (71%) at cut-off = -0.544. This method allows us to discriminate in a statistically significant manner (AUROC = 0.86, p < 0.0001) PCa patients from CTR. Finally, we analyzed the correlation between non-specific and specific exosome-based biomarkers. The specific biomarker based on PSA-expressing exosomes (NSFC-exo) had a statistically significant (but relatively weak) correlation with exosomes number (PCnano2) only, suggesting that the kind of ‘cancer-related’ information provided by both size and number of exosomes is widely independent to the specific (prostate) cancer type. Despite the “non-specific” (no consideration of PSA expression) predictivity is lower than the specific one of PSA-exosome, it allows for a very considerable predictive power that could be useful for a future ‘first-level screening’ of general cancer risk or cancer staging or even in predicting after surgery recurrence.

The “liquid biopsy” based on circulating tumor exosomes is a promising and reliable tool for the diagnosis, monitoring, and prognosis of diseases, including tumors, allowing a better sensitivity and specificity of traditional diagnostic techniques, as well as a reduced use of more invasive methodologies (7, 20, 55–59). A high level of circulating exosomes and their miRNA cargos could be useful as potential diagnostic biomarkers, as was observed for alcoholic hepatitis (60).The enrichment of specific markers makes exosomes valuable tools to investigate new biomarker sources useful for tumor diagnosis and prognosis (1, 5, 18, 26, 31). In men with high PSA levels, exosome gene expression in urine was associated with a better ability to distinguish patients with higher-grade prostate cancer, with the consequent reduction of unnecessary biopsies (61, 62). Based on this scenario, in previous papers, we showed increased plasmatic levels of PSA-expressing exosomes in PCa patients compared to BPH and CTR subjects, supporting the clinical relevance of exosomes as tumor biomarkers (35, 36). These studies have prompted a significant boost regarding the clinical utility of exosomes. We thus focused our attention on physical characteristics of the exosomes, such as their number and size, in order to verify whether they could represent signs of malignancy that allowed to clearly distinguishing the healthy subjects from the tumor patients, regardless to the presence of tumor specific biomarkers, whose identification is of course a primary endpoint (33, 63–66).

Although the existence of an open debate in the extracellular vesicles community (6, 67), there is a common agreement on the use of ultracentrifugation to obtain a the most reliable and useful purification of extracellular vesicles from either cell culture supernatant or body fluids. Thus, we used ultracentrifugation for exosome purification and NTA for quantification and size distribution of exosomes in a plasma volume. As detailed above the results showed that prostate cancer patients had significantly higher exosome levels and a reduced size as compared to healthy individuals, thus supporting the clinical use of this approach and its potential use in screening test for prostate cancer early diagnosis.

In summarizing the novelty of this approach includes: a) the demonstration that the measurement of exosome levels and their size in the plasma of human beings, while apparently aspecific, may be helpful in a ‘general screening’ for the presence of a ‘cancer pathology’. Clearly this is only a ‘preliminary finding’ that in any case represents a warning signal to be followed by more specific investigations; b) the NTA analysis of plasmatic exosomes number and size may be helpful in the follow up of cancer patients underwent either medical or surgical treatment, and we want to emphasize with very reduced costs and no invasiveness, as compared to the current diagnostic equipment.

In conclusion, these results express a high clinical impact, strongly suggesting that the concentration and size of circulating exosomes may implement the equipment of cancer biomarkers, particularly for prostate cancer, thus providing a promising new tool for early-stage cancer detection. The results of our study have shown high level of sensitivity and specificity of both exosome number and size in distinguishing prostate cancer patients from a group of individuals with no sign of urological disease, making this approach potentially useful for screening, diagnosis and follow-up of prostate cancer patients. Accordingly, it is reasonable to speculate to exploit in other cancers the clinical potential of the exosome-based approach with the ultimate and ambitious aim of identifying a universal screening test, which remains currently not available. Furthermore, since resection of the primary tumor has been observed to greatly reduce the level of exosomes in oral cancers (34), and the plasmatic levels of exosomes were related to the presence of a primary tymor, in either melanoma (28) or brain tumors (68), monitoring the number of exosomes could also be a winning strategy to control recurrence following tumor resection and to evaluate the effectiveness of the response to anticancer therapy on the tumor mass. From a pathogenetic point of view it appears highly reasonable that the increased plasmatic levels of exosomes in tumor patients may be due to both the hostile microenvironmental condition, such as acidity (9) and the tumor mass (28, 34). Of course the measurements of exosome plasmatic levels needs a clinical validation in terms of platform technology, but the results of our study strongly support the use of ultracentrifugation and NTA as a reliable technical approach.



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

The studies involving human participants were reviewed and approved by Ethics Committee of Istituto Superiore di Sanità (protocol code Rif. Prot. PRE-275/17 on 18/04/2017). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

ML and SF conceived, designed and supervised the study project. DM and RDR performed the experiments. MM and AS collected blood samples from study participants, written informed consent and relevant clinical information of participants, describing the characteristics of the population studied. DM, ML, AG, RDR, and MM collected the data. AG performed and explained the statistical analysis of the data. DM, ML, AG, and SF wrote the original draft of the manuscript. SF, DM, AG, RDR, and ML revised and edited the last version of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Acknowledgments

We would like to thank Dr. Daniela F. Angelini from the Neuroimmunology Unit, IRCCS Santa Lucia Foundation, 00179 Rome, Italy for the exosome characterization with housekeeping markers (CD81 and CD9) and PSA using the flow cytometer. Furthermore, we thank Dr Roberto Santoliquido from Alfatest Srl, 00166 Rome, Italy, for the technical support concerning the Nanoparticle Tracking Analysis (NTA).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.727317/full#supplementary-material



Abbreviations

CTR, Individuals with no signs of urological disease (Control group); PCa, Prostate Cancer patients; PSA, Prostate Specific Antigen; DRE, Digital Rectal Examination; NSFC-exo, PSA-expressing exosomes analyzed by nanoscale flow-cytometry (NSFC); NTA, Nanoparticle Tracking Analysis; PCA, Principal Component Analysis; PCnano1, exosomes size component; PCnano2, exosomes concentration component; CanVar, Canonical Variate; ROC, Receiver Operating Characteristic; AUC, Area Under the Curve.



References

1. Fais, S, Venturi, G, and Gatenby, B. Microenvironmental Acidosis in Carcinogenesis and Metastases: New Strategies in Prevention and Therapy. Cancer Metastasis Rev (2014) 33(4):1095–108. doi: 10.1007/s10555-014-9531-3

2. Fais, S, and Overholtzer, M. Cell-In-Cell Phenomena in Cancer. Nat Rev Cancer (2018) 18(12):758–66. doi: 10.1038/s41568-018-0073-9

3. Pillai, SR, Damaghi, M, Marunaka, Y, Spugnini, EP, Fais, S, and Gillies, RJ. Causes, Consequences, and Therapy of Tumors Acidosis. Cancer Metastasis Rev (2019) 38(1–2):205–22. doi: 10.1007/s10555-019-09792-7

4. Gillies, RJ, Pilot, C, Marunaka, Y, and Fais, S. Targeting Acidity in Cancer and Diabetes. Biochim Biophys Acta Rev Cancer (2019) 1871(2):273–80. doi: 10.1016/j.bbcan.2019.01.003

5. Yáñez-Mó, M, Siljander, PR-M, Andreu, Z, Bedina Zavec, A, Borràs, FE, Buzas, EI, et al. Biological Properties of Extracellular Vesicles and Their Physiological Functions. J Extracell Vesicles (2015) 4(1):27066. doi: 10.3402/jev.v4.27066

6. Théry, C, Witwer, KW, Aikawa, E, Alcaraz, MJ, Anderson, JD, Andriantsitohaina, R, et al. Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV2018): A Position Statement of the International Society for Extracellular Vesicles and Update of the MISEV2014 Guidelines. J Extracell Vesicles (2018) 7(1):1535750. doi: 10.1080/20013078.2018.1535750

7. Fais, S, O’Driscoll, L, Borras, FE, Buzas, E, Camussi, G, Cappello, F, et al. Evidence-Based Clinical Use of Nanoscale Extracellular Vesicles in Nanomedicine. ACS Nano (2016) 10(4):3886–99. doi: 10.1021/acsnano.5b08015

8. Spugnini, E, Logozzi, M, Di Raimo, R, Mizzoni, D, and Fais, S. A Role of Tumor-Released Exosomes in Paracrine Dissemination and Metastasis. Int J Mol Sci (2018) 19(12):3968. doi: 10.3390/ijms19123968

9. Logozzi, M, Mizzoni, D, Angelini, D, Di Raimo, R, Falchi, M, Battistini, L, et al. Microenvironmental pH and Exosome Levels Interplay in Human Cancer Cell Lines of Different Histotypes. Cancers (2018) 10(10):370. doi: 10.3390/cancers10100370

10. Logozzi, M, Spugnini, E, Mizzoni, D, Di Raimo, R, and Fais, S. Extracellular Acidity and Increased Exosome Release as Key Phenotypes of Malignant Tumors. Cancer Metastasis Rev (2019) 38(1–2):93–101. doi: 10.1007/s10555-019-09783-8

11. Federici, C, Petrucci, F, Caimi, S, Cesolini, A, Logozzi, M, Borghi, M, et al. Exosome Release and Low pH Belong to a Framework of Resistance of Human Melanoma Cells to Cisplatin. Lebedeva IV, Editor. PLoS One (2014) 9(2):e88193. doi: 10.1371/journal.pone.0088193

12. Iessi, E, Logozzi, M, Lugini, L, Azzarito, T, Federici, C, Spugnini, EP, et al. Acridine Orange/exosomes Increase the Delivery and the Effectiveness of Acridine Orange in Human Melanoma Cells: A New Prototype for Theranostics of Tumors. J Enzyme Inhib Med Chem (2017) 32(1):648–57. doi: 10.1080/14756366.2017.1292263

13. Zhao, H, Achreja, A, Iessi, E, Logozzi, M, Mizzoni, D, Di Raimo, R, et al. The Key Role of Extracellular Vesicles in the Metastatic Process. Biochim Biophys Acta Rev Cancer (2018) 1869(1):64–77. doi: 10.1016/j.bbcan.2017.11.005

14. Logozzi, M, Mizzoni, D, Bocca, B, Di Raimo, R, Petrucci, F, Caimi, S, et al. Human Primary Macrophages Scavenge AuNPs and Eliminate It Through Exosomes. A Natural Shuttling for Nanomaterials. Eur J Pharm Biopharm (2019) 137:23–36. doi: 10.1016/j.ejpb.2019.02.014

15. Logozzi, M, Di Raimo, R, Properzi, F, Barca, S, Angelini, DF, Mizzoni, D, et al. Nanovesicles Released by OKT3 Hybridoma Express Fully Active Antibodies. J Enzyme Inhib Med Chem (2021) 36(1):175–82. doi: 10.1080/14756366.2020.1852401

16. Zocco, D, Ferruzzi, P, Cappello, F, Kuo, WP, and Fais, S. Extracellular Vesicles as Shuttles of Tumor Biomarkers and Anti-Tumor Drugs. Front Oncol (2014) 4:267/abstract. doi: 10.3389/fonc.2014.00267/abstract

17. Sumrin, A, Moazzam, S, Khan, AA, Ramzan, I, Batool, Z, Kaleem, S, et al. Exosomes as Biomarker of Cancer. Braz Arch Biol Technol (2018) 61(0):e18160730. doi: 10.1590/1678-4324-2018160730

18. Cappello, F, Logozzi, M, Campanella, C, Bavisotto, CC, Marcilla, A, Properzi, F, et al. Exosome Levels in Human Body Fluids: A Tumor Marker by Themselves? Eur J Pharm Sci (2017) 96:93–8. doi: 10.1016/j.ejps.2016.09.010

19. Li, A, Zhang, T, Zheng, M, Liu, Y, and Chen, Z. Exosomal Proteins as Potential Markers of Tumor Diagnosis. J Hematol Oncol (2017) 10(1):175. doi: 10.1186/s13045-017-0542-8

20. Huang, T, and Deng, C-X. Current Progresses of Exosomes as Cancer Diagnostic and Prognostic Biomarkers. Int J Biol Sci (2019) 15(1):1–11. doi: 10.7150/ijbs.27796

21. Meng, Y, Sun, J, Wang, X, Hu, T, Ma, Y, Kong, C, et al. Exosomes: A Promising Avenue for the Diagnosis of Breast Cancer. Technol Cancer Res Treat (2019) 18:153303381882142. doi: 10.1177/1533033818821421

22. Campanella, C, Caruso Bavisotto, C, Logozzi, M, Marino Gammazza, A, Mizzoni, D, Cappello, F, et al. On the Choice of the Extracellular Vesicles for Therapeutic Purposes. Int J Mol Sci (2019) 20(2):236. doi: 10.3390/ijms20020236

23. Soung, Y, Ford, S, Zhang, V, and Chung, J. Exosomes in Cancer Diagnostics. Cancers (2017) 9(12):8. doi: 10.3390/cancers9010008

24. Vafaei, S, Fattahi, F, Ebrahimi, M, Janani, L, Shariftabrizi, A, and Madjd, Z. Common Molecular Markers Between Circulating Tumor Cells and Blood Exosomes in Colorectal Cancer: A Systematic and Analytical Review. Cancer Manag Res (2019) 11:8669–98. doi: 10.2147/CMAR.S219699

25. Wong, C-H, and Chen, Y-C. Clinical Significance of Exosomes as Potential Biomarkers in Cancer. World J Clin Cases (2019) 7(2):171–90. doi: 10.12998/wjcc.v7.i2.171

26. Logozzi, M, Mizzoni, D, Di Raimo, R, and Fais, S. Exosomes: A Source for New and Old Biomarkers in Cancer. Cancers (2020) 12(9):2566. doi: 10.3390/cancers12092566

27. Logozzi, M, Mizzoni, D, Capasso, C, Del Prete, S, Di Raimo, R, Falchi, M, et al. Plasmatic Exosomes From Prostate Cancer Patients Show Increased Carbonic Anhydrase IX Expression and Activity and Low Ph. J Enzyme Inhib Med Chem (2020) 35(1):280–8. doi: 10.1080/14756366.2019.1697249

28. Logozzi, M, De Milito, A, Lugini, L, Borghi, M, Calabrò, L, Spada, M, et al. High Levels of Exosomes Expressing CD63 and Caveolin-1 in Plasma of Melanoma Patients. Cao Y, Editor. PLoS One (2009) 4(4):e5219. doi: 10.1371/journal.pone.0005219

29. Alvarez-Erviti, L, Seow, Y, Yin, H, Betts, C, Lakhal, S, and Wood, MJA. Delivery of siRNA to the Mouse Brain by Systemic Injection of Targeted Exosomes. Nat Biotechnol (2011) 29(4):341–5. doi: 10.1038/nbt.1807

30. Fais, S, Logozzi, M, Lugini, L, Federici, C, Azzarito, T, Zarovni, N, et al. Exosomes: The Ideal Nanovectors for Biodelivery. Biol Chem (2013) 394(1):1–15. doi: 10.1515/hsz-2012-0236

31. Properzi, F, Logozzi, M, and Fais, S. Exosomes: The Future of Biomarkers in Medicine. Biomark Med (2013) 7(5):769–78. doi: 10.2217/bmm.13.63

32. O’Driscoll, L, Stoorvogel, W, Théry, C, Buzas, E, Nazarenko, I, Siljander, P, et al. European Network on Microvesicles and Exosomes in Health and Disease (ME-HaD). Eur J Pharm Sci (2017) 98:1–3. doi: 10.1016/j.ejps.2017.01.003

33. Campanella, C, Rappa, F, Sciumè, C, Marino Gammazza, A, Barone, R, Bucchieri, F, et al. Heat Shock Protein 60 Levels in Tissue and Circulating Exosomes in Human Large Bowel Cancer Before and After Ablative Surgery: Exosomal Hsp60 in Large Bowel Cancer. Cancer (2015) 121(18):3230–9. doi: 10.1002/cncr.29499

34. Rodríguez Zorrilla, S, Pérez-Sayans, M, Fais, S, Logozzi, M, Gallas Torreira, M, and García García, A. A Pilot Clinical Study on the Prognostic Relevance of Plasmatic Exosomes Levels in Oral Squamous Cell Carcinoma Patients. Cancers (2019) 11(3):429. doi: 10.3390/cancers11030429

35. Logozzi, M, Angelini, DF, Iessi, E, Mizzoni, D, Di Raimo, R, Federici, C, et al. Increased PSA Expression on Prostate Cancer Exosomes in In Vitro Condition and in Cancer Patients. Cancer Lett (2017) 403:318–29. doi: 10.1016/j.canlet.2017.06.036

36. Logozzi, M, Angelini, DF, Giuliani, A, Mizzoni, D, Di Raimo, R, Maggi, M, et al. Increased Plasmatic Levels of PSA-Expressing Exosomes Distinguish Prostate Cancer Patients From Benign Prostatic Hyperplasia: A Prospective Study. Cancers (2019) 11(10):1449. doi: 10.3390/cancers11101449

37. Logozzi, M, Capasso, C, Di Raimo, R, Del Prete, S, Mizzoni, D, Falchi, M, et al. Prostate Cancer Cells and Exosomes in Acidic Condition Show Increased Carbonic Anhydrase IX Expression and Activity. J Enzyme Inhib Med Chem (2019) 34(1):272–8. doi: 10.1080/14756366.2018.1538980

38. Gercel-Taylor, C, Atay, S, Tullis, RH, Kesimer, M, and Taylor, DD. Nanoparticle Analysis of Circulating Cell-Derived Vesicles in Ovarian Cancer Patients. Anal Biochem (2012) 428(1):44–53. doi: 10.1016/j.ab.2012.06.004

39. Oosthuyzen, W, Sime, NEL, Ivy, JR, Turtle, EJ, Street, JM, Pound, J, et al. Quantification of Human Urinary Exosomes by Nanoparticle Tracking Analysis: Nanoparticle Tracking Analysis and Exosomes. J Physiol (2013) 591(23):5833–42. doi: 10.1113/jphysiol.2013.264069

40. Zhang, W, Peng, P, Kuang, Y, Yang, J, Cao, D, You, Y, et al. Characterization of Exosomes Derived From Ovarian Cancer Cells and Normal Ovarian Epithelial Cells by Nanoparticle Tracking Analysis. Tumor Biol (2016) 37(3):4213–21. doi: 10.1007/s13277-015-4105-8

41. Caby, M-P, Lankar, D, Vincendeau-Scherrer, C, Raposo, G, and Bonnerot, C. Exosomal-Like Vesicles Are Present in Human Blood Plasma. Int Immunol (2005) 17(7):879–87. doi: 10.1093/intimm/dxh267

42. Baranyai, T, Herczeg, K, Onódi, Z, Voszka, I, Módos, K, Marton, N, et al. Isolation of Exosomes From Blood Plasma: Qualitative and Quantitative Comparison of Ultracentrifugation and Size Exclusion Chromatography Methods. Rito-Palomares M, Editor. PLoS One (2015) 10(12):e0145686. doi: 10.1371/journal.pone.0145686

43. Hanley, JA, and McNeil, BJ. The Meaning and Use of the Area Under a Receiver Operating Characteristic (ROC) Curve. Radiology (1982) 143(1):29–36. doi: 10.1148/radiology.143.1.7063747

44. Härdle, WK, and Simar, L. Canonical Correlation Analysis. In: Applied Multivariate Statistical Analysis, 4th ed. Berlin Heidelberg: Springer-Verlag (2015). p. 443–54. doi: 10.1007/978-3-662-45171-7

45.Global Cancer Observatory . Available at: https://gco.iarc.fr/.

46. Schröder, FH, Hugosson, J, Roobol, MJ, Tammela, TLJ, Zappa, M, Nelen, V, et al. Screening and Prostate Cancer Mortality: Results of the European Randomised Study of Screening for Prostate Cancer (ERSPC) at 13 Years of Follow-Up. Lancet Lond Engl (2014) 384(9959):2027–35. doi: 10.1016/S0140-6736(14)60525-0

47. Chou, R, Croswell, JM, Dana, T, Bougatsos, C, Blazina, I, Fu, R, et al. Screening for Prostate Cancer: A Review of the Evidence for the U.S. Preventive Services Task Force. Ann Intern Med (2011) 155(11):762. doi: 10.7326/0003-4819-155-11-201112060-00375

48. Carroll, PR. Early Stage Prostate Cancer–do We Have a Problem With Over-Detection, Overtreatment or Both? J Urol (2005) 173(4):1061–2. doi: 10.1097/01.ju.0000156838.67623.10

49. Fowler, FJ, Barry, MJ, Walker-Corkery, B, Caubet, J-F, Bates, DW, Lee, JM, et al. The Impact of a Suspicious Prostate Biopsy on Patients’ Psychological, Socio-Behavioral, and Medical Care Outcomes. J Gen Intern Med (2006) 21(7):715–21. doi: 10.1111/j.1525-1497.2006.00464.x

50. Loeb, S, Vellekoop, A, Ahmed, HU, Catto, J, Emberton, M, Nam, R, et al. Systematic Review of Complications of Prostate Biopsy. Eur Urol (2013) 64(6):876–92. doi: 10.1016/j.eururo.2013.05.049

51. Moyer, VA. Screening for Prostate Cancer: U.S. Preventive Services Task Force Recommendation Statement. Ann Intern Med (2012) 157(2):120. doi: 10.7326/0003-4819-157-2-201207170-00459

52. Draisma, G, Etzioni, R, Tsodikov, A, Mariotto, A, Wever, E, Gulati, R, et al. Lead Time and Overdiagnosis in Prostate-Specific Antigen Screening: Importance of Methods and Context. J Natl Cancer Inst (2009) 101(6):374–83. doi: 10.1093/jnci/djp001

53. Schröder, FH, Hugosson, J, Roobol, MJ, Tammela, TLJ, Ciatto, S, Nelen, V, et al. Screening and Prostate-Cancer Mortality in a Randomized European Study. N Engl J Med (2009) 360(13):1320–8. doi: 10.1056/NEJMoa0810084

54. Hoffman, RM. Screening for Prostate Cancer. N Engl J Med (2011) 365(21):2013–9. doi: 10.1056/NEJMcp1103642

55. Choi, D-S, Lee, J, Go, G, Kim, Y-K, and Gho, YS. Circulating Extracellular Vesicles in Cancer Diagnosis and Monitoring: An Appraisal of Clinical Potential. Mol Diagn Ther (2013) 17(5):265–71. doi: 10.1007/s40291-013-0042-7

56. Cui, S, Cheng, Z, Qin, W, and Jiang, L. Exosomes as a Liquid Biopsy for Lung Cancer. Lung Cancer Amst Neth (2018) 116:46–54. doi: 10.1016/j.lungcan.2017.12.012

57. Silva, J, Garcia, V, Rodriguez, M, Compte, M, Cisneros, E, Veguillas, P, et al. Analysis of Exosome Release and its Prognostic Value in Human Colorectal Cancer. Genes Chromosomes Cancer (2012) 51(4):409–18. doi: 10.1002/gcc.21926

58. Nawaz, M, Camussi, G, Valadi, H, Nazarenko, I, Ekström, K, Wang, X, et al. The Emerging Role of Extracellular Vesicles as Biomarkers for Urogenital Cancers. Nat Rev Urol (2014) 11(12):688–701. doi: 10.1038/nrurol.2014.301

59. Duijvesz, D, Versluis, CYL, van der Fels, CAM, Vredenbregt-van den Berg, MS, Leivo, J, Peltola, MT, et al. Immuno-Based Detection of Extracellular Vesicles in Urine as Diagnostic Marker for Prostate Cancer: Extracellular Vesicles as Marker for PCa. Int J Cancer (2015) 137(12):2869–78. doi: 10.1002/ijc.29664

60. Momen-Heravi, F, Saha, B, Kodys, K, Catalano, D, Satishchandran, A, and Szabo, G. Increased Number of Circulating Exosomes and Their microRNA Cargos Are Potential Novel Biomarkers in Alcoholic Hepatitis. J Transl Med (2015) 13(1):261. doi: 10.1186/s12967-015-0623-9

61. McKiernan, J, Donovan, MJ, O’Neill, V, Bentink, S, Noerholm, M, Belzer, S, et al. A Novel Urine Exosome Gene Expression Assay to Predict High-Grade Prostate Cancer at Initial Biopsy. JAMA Oncol (2016) 2(7):882. doi: 10.1001/jamaoncol.2016.0097

62. McKiernan, J, Donovan, MJ, Margolis, E, Partin, A, Carter, B, Brown, G, et al. A Prospective Adaptive Utility Trial to Validate Performance of a Novel Urine Exosome Gene Expression Assay to Predict High-Grade Prostate Cancer in Patients With Prostate-Specific Antigen 2–10 Ng/Ml at Initial Biopsy. Eur Urol (2018) 74(6):731–8. doi: 10.1016/j.eururo.2018.08.019

63. Moon, P-G, Lee, J-E, Cho, Y-E, Lee, SJ, Chae, YS, Jung, JH, et al. Fibronectin on Circulating Extracellular Vesicles as a Liquid Biopsy to Detect Breast Cancer. Oncotarget (2016) 7(26):40189–99. doi: 10.18632/oncotarget.9561

64. Lee, SJ, Lee, J, Jung, JH, Park, HY, Lee, C-H, Moon, P-G, et al. Exosomal Del-1 as a Potent Diagnostic Marker for Breast Cancer: A Prospective Cohort Study. J Clin Oncol (2017) 35(15_suppl):11548–8. doi: 10.1200/JCO.2017.35.15_suppl.11548

65. Melo, SA, Luecke, LB, Kahlert, C, Fernandez, AF, Gammon, ST, Kaye, J, et al. Glypican-1 Identifies Cancer Exosomes and Detects Early Pancreatic Cancer. Nature (2015) 523(7559):177–82. doi: 10.1038/nature14581

66. Huber, V, Fais, S, Iero, M, Lugini, L, Canese, P, Squarcina, P, et al. Human Colorectal Cancer Cells Induce T-Cell Death Through Release of Proapoptotic Microvesicles: Role in Immune Escape. Gastroenterology (2005) 128(7):1796–804. doi: 10.1053/j.gastro.2005.03.045

67. Konoshenko, MYU, Lekchnov, EA, Vlassov, AV, and Laktionov, PP. Isolation of Extracellular Vesicles: General Methodologies and Latest Trends. BioMed Res Int (2018) 2018:1–27. doi: 10.1155/2018/8545347

68. Osti, D, Del Bene, M, Rappa, G, Santos, M, Matafora, V, Richichi, C, et al. Clinical Significance of Extracellular Vesicles in Plasma From Glioblastoma Patients. Clin Cancer Res (2019) 25(1):266–76. doi: 10.1158/1078-0432.CCR-18-1941




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 © 2021 Logozzi, Mizzoni, Di Raimo, Giuliani, Maggi, Sciarra and Fais. 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.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Plasmatic Exosome Number and Size Distinguish Prostate Cancer Patients From Healthy Individuals: A Prospective Clinical Study

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Population

          



          		

            Preparation of Exosomes From Plasma of CTR and PCa

          



          		

            Nanoparticle Tracking Analysis

          



          		

            Western Blot Analysis

          



          		

            Flow Cytometry Analysis of Exosomes

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Characterization and Distribution of Plasma Exosomes Between PCa Patients and Individuals With No Signs of Urological Disease (CTR) by Nanoparticle Tracking Analysis (NTA)

          



          		

            Mutual Relation Between the Size and Number of PCa and CTR Plasma Exosomes

          



          		

            ROC Curve Between PCa Patients and CTR

          



          		

            Non-Specific Predictivity of Cancer Risk With Exosome Concentration and Size

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc.2021.727317_cover.jpg
’ frontiers
in Oncology

Plasmatic Exosome Number and
Size Distinguish Prostate Cancer
Patients From Healthy Individuals: A
Prospective Clinical Study





OEBPS/Images/fonc-11-727317-g003.jpg
Mode (nm)

D50 (nm)

200

150

100

50

150

100

50

CTR

CTR

PCa

PCa

D10 (nm)

150

100

50

CTR

CTR

*%

PCa

00

0900

082088330
8°8%389 g0

PCa





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-727317-g005.jpg
CanVar1

Sensitivity

Can1-PCa Can1-CTR

—o— Can1-Pca = 0.86

0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity






OEBPS/Images/table2.jpg
Loading pattern
Variable

Concentration
Mean

Mode

SD

D10

D50

D90

PCnano1

-0.00776
0.99266
0.86521

0.77564
0.92206
0.96473
0.94959

PCnano2

0.97176
-0.02747
-0.01709
0.23181

-0.15468
-0.10536
0.12012

PCnano3

0.22901

-0.04256
0.41626
-0.66827
0.28347
0.10432
-0.24998

The bold values correspond to the original variables with higher correlation with extracted
components (Component Loading).





OEBPS/Images/table4.jpg
Pearson correlation coefficientsProb > |r| under Hy: Rho=0Number

of observations

Variable PCnano1 PCnano2 NSFC-exo
PCnanot 1.00000 0.00000 -0.04868
1.0000 0.6742
107 107 1w
PCnano2 0.00000 1.00000 0.38477
1.0000 0.0006
107 107 7
NSFC-exo -0.04868 0.38477 1.00000
0.6742 0.0006
7 7 7

The bold values show the statistically significant correlations of the specific biomarker
(NSFC-exo), since NSFC-exo only has a statistically significant (but relatively weak)

correlation with PCnano?2.
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Variable

PCnano1

(size)

PCnano2
(concentration)

Group

PCa
CTR
PCa
CTR

Mean

-0.258
0.400
0.390
-0.604

Std. Dev.

1.00
0.870
1.05
0.490

P (t-test)
<0.0007

<0.0001
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Variable

Number (concentration,
particles/mL)

Mean (size, nm)

Mode (size, nm)

D10 (size, nm)

D50 (size, nm)

D90 (size, nm)

SD (size variability, nm)

NS, Not Significant.

Group

PCa
CTR
PCa
CTR
PCa
CTR
PCa
CTR
PCa
CTR
PCa
CTR
PCa
CTR

Mean

2.88 x 10°
1.56 x 10°
131.4
145.9
89.53
97.44
80.02
88.10
109.8
124.6
210.96
228.57
64.42
68.05

Std. Dev.

1.43 x 10°
0.57 x 10°
21.44
18.82
13.77
12.26
10.99
9.09
19.06
18.01
35.96
30.77
11.70
10.16

p (t-test)

<0.0001
<0.0005
<0.003
<0.0001
<0.0001
0.0081

NS





