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Urinary Exosomes from
Bladder Cancer Patients Show
a Residual Cancer Phenotype
despite Complete Pathological
Downstaging

Stefanie Hiltbrunner®8, Michael Mints'7:8, Maria Eldh?, Robert Rosenblatt?’,
Benny Holmstrém?, Farhood Alamdari*, Markus Johansson®’, Rosanne E. Veerman?,
OlaWinqvist®$, Amir Sherif(®’ & Susanne Gabrielsson®**

Invasive urinary bladder cancer shows high recurrence rates after cystectomy even with apparent
complete downstaging at cystectomy. Exosomes are nano-sized vesicles important in cell-cell
communication, which have been hypothesized to contribute to cancer dissemination and recurrence.
The aim of this study was to investigate if pro-carcinogenic exosomes could be detected in urine from
histologically downstaged bladder cancer patients. 13 Patients were included in this study. Paired
ureter and urine samples from nine patients underwent mass spectrometry, while samples from the
remaining patients were used for exosome characterization. At cystectomy, exosomes were isolated
from bladder and ureter urine, whereafter quantitative proteome profiling was performed. Urinary
exosomes clustered based on whether they came from the bladder, with tumour contact, or the
ureters, without tumour contact, even though all came from completely downstaged patients. Proteins
overexpressed in exosomes derived from bladder urine contained several oncogenes and were mainly
associated with tumour metabolism pathways. Although patients were histologically tumour-free at
cystectomy, the bladder urine contained exosomes with a carcinogenic metabolic profile. This suggests
a continuous release of exosomes from the bladder, which may promote recurrence at distant sites
through metabolic rewiring, even after apparent complete downstaging. These exosomes, coming from
either undetected cancer cells or partly transformed cells, are likely to increase the risk of metastasis
and encourages cystectomy even in completely downstaged patients.

Invasive urinary bladder cancer (UBC) metastasises rapidly, mainly through the draining regional lymphatic
system!, and there is evidence of establishment of pre-metastatic niches in the lymph nodes long before actual
metastasis occurs?. Early micro-metastatic dissemination in UBC is mainly evidenced by the fact that patients
with organ-confined disease (pT2NO) suffer recurrence rates of up to 40% after radical cystectomy (RC)?. Also,
it has been shown that complete down-staging (pT0) through primary transurethral resection (TUR-B) plus
neoadjuvant cisplatin-based combination chemotherapy (NAC) and RC as the radical surgical treatment, sub-
stantially improves survival, presumably as an effect on disseminated tumour cells. In the same study, completely
downstaged patients, who did not receive chemotherapy, showed significantly poorer overall survival, suggesting
the presence of undetected cancer cells or tumour-promoting factors*.
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Preoperative Staging post- NAC/ Number of Additional

Patient clinical stage cystectomy Gender | Age | noNAC Cycles Response | Information

17 cT2NOMO0,G3 pT2NOMO** male 76 noNAC 0 /

21 cT2NOMO0,G3* pTONOMO female 69 NAC 1 CR

37 cT2NOMO0,G3 pTONOMO male 39 NAC 4 CR
Prostatic cancer

47 c¢T2NOMO0,G3 pTONOMO male 66 NAC 3 CR Gleason score
(3+4=7)

5 cT2NOMO0,G3 pTONOMO female 79 NAC 3 CR

6 c¢T2NOMO0,G3 pTONOMO female 77 noNAC 0 /

718 cT2NOMO0,G3 pT2bNOMO** male 65 NAC 4 SD
Prostatic cancer

8" c¢T2NOMO0,G3 pTONOMO male 76 NAC 3 CR Gleason score
(34+3=6)
Prostatic cancer

9" cTINOMO,G3 pTONOMO male 57 noNAC 0 / Gleason score
(34+3=6)

10 c¢T2NOMO,G3 pTONOMO male 73 NAC 3 CR

11° cT2NOMO0,G2 pTONOMO female 67 NAC 3 CR

128 cT2NOMO0,G3 pTONOMO male 66 NAC 3 CR

13° cT2NOMO,G3 pTONOMO male 73 NAC 3 CR

Table 1. Patient Characteristics. CR = Complete Response; SD = Stable Disease; *In addition to the solid
tumour, the patient also had concomitant CIS (Cancer in Situ); **Remaining tumors in the bladder and
therefore excluded from mass spectrometry analysis; "Mass spectrometry; *Electron microscopy; Nanoparticle
Tracking Analysis; “Flow cytometry.

Exosomes are nano-sized vesicles, derived from the late endosomal compartment, acting as messengers
between cells through the transfer of biomolecules®. Exosomes are produced by most cell types and found in
bodily fluids, including urine®. Tumour-derived exosomes play an important role in carcinogenesis, tissue remod-
elling and metastasis’~. They can induce apoptosis of immune cells'” and stimulate regulatory T-cells'!, leading to
immune evasion. Moreover, urine-derived exosomes from high-grade UBC patients have been shown to promote
cell migration'. Thus, exosomes produced from remaining cancer cells or transformed tissue may promote recur-
rence, and provide an attractive source of diagnostic and therapeutic markers in UBC.

Given the high recurrence rate in seemingly cancer-free patients, we aimed to trace cancer-related exosomes
in downstaged urinary bladder cancer patients. This was achieved through proteomic analysis of urinary
exosomes derived from the bladder and from the ureter of UBC patients at RC. By integrating proteomics and
pathway analyses of UBC exosomes, we provide evidence of carcinogenic exosomes that are released into the
bladder in patients with no macroscopic tumour left after primary TUR-B followed by NAC and with evaluation
of the completely excised urinary bladder specimen post-RC. These findings challenge the concept of complete
histopathological downstaging in urinary bladder cancer after combined tumour ablation as a hallmark of a
non-cancerous urinary bladder.

Methods

Patients. Thirteen patients with invasive UBC, scheduled for radical cystectomy (RC), were prospectively
recruited for the study in 2014-2015 at five Swedish departments of urology (Norrland University, Akademiska,
Sundsvall, Vastmanland and Gévle Hospitals). The patient data are found in Table 1. For the nine patients where
paired samples were obtained, mass spectrometry was performed. Out of these nine patients, six were male and
three were female. Following TUR-B, eight were staged cT2NOMO0G3 and one high risk cTINOMOG3. Six patients
(four male and two female) received NAC preceding RC, and of these five had complete pathological down-stag-
ing (CD) i.e. pTONO. Two patients had remaining tumour in the bladder. Three of the patients had concomitant
prostate cancer. At RC, tumour site tissue went for histopathological analysis and staging. All patients were recur-
rence-free as of 11/04/2019.

Urine was obtained from the bladder prior to surgery, and directly from the ureters after transection, by
introduction of Ch.8 baby feeding catheters to the renal pelvises. All samples were shipped and processed on the
day of cystectomy. All methods were carried out in accordance with relevant guidelines and regulations and all
experimental protocols were approved by the Regional Ethical Review Board in Stockholm (original no.: 2007/71-
31), and all patients were above 18 and gave written and oral informed consent.

Exosome isolation. Urine samples were spun at 3000 g for 30 min and filtered through a 0.22 um filter.
Exosomes were isolated by ultracentrifugation at 100 000 g for 2h, washed with PBS, resuspended in PBS and
stored at —80 °C. Protein concentration was measured by DC protein assay (Bio-Rad).

Flow cytometry. 30l sulfate-aldehyde latex beads (4 pm, 1.3 X 10° beads/ml, Invitrogen) were incubated
with 30 ug anti-CD63 antibody (H5C6, BD Pharmingen) for 30 min at RT and rotated overnight at RT. Beads were
blocked with 100 mM glycine for 30 min and washed with 0.5% BSA/PBS. Exosomes were bound to anti-CD63
coated beads with 1.25 pg exosomes per pl beads and phenotyped as described'®. Antibodies used (dilution 1:100):
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isotype control mouse IgG1 FITC (MOPC-21, Biolegend) and anti-human CD9 FITC (M-L13, BD Pharmingen),
CD63 FITC (H5C6, Biolegend), CD81 FITC (5A6, Biolegend). Beads were analysed on a FACS Calibur (BD
Bioscience) by Flow]Jo software (TreeStar Inc.).

Nanoparticle tracking analysis. Exosome size was determined with the Nanosight LM10HSB system.
Vesicles were measured at circa 45 particles/frame and 2 x 108 to 8 x 108 particles/ml. Three independent samples
were run 5 times each for 60 seconds with a camera level of 9 and screen gain of 3 with a syringe pump speed of 50.

Electron microscopy. 3pL from each sample was added to a grid with a glow-discharged carbon-coated
supporting film for 3 minutes. The grid was rinsed by adding 5uL distilled water. Water was soaked off by a filter
paper and the grid stained with 5pL 1% uranyl acetate in water for 7 seconds. Samples were examined in a Hitachi
HT 7700 electron microscope at 80 kV and digital images were taken by a Veleta camera (Olympus,).

Mass spectrometry. 18 urinary exosome samples (9 ureter and 9 bladder) underwent mass spectrometry.
Proteins were extracted in a urea-containing buffer using a sonication bath. Total protein concentration was
measured using Bradford assay (Bio-Rad). Proteins were reduced, alkylated and digested with trypsin. Finally,
samples were purified on Pierce C18 Spin Columns (ThermoScientific), dried and resolved in 0.1% FA to a con-
centration of 0.3 pg/pL. Peptides were separated in reversed-phase on a C18-column, using a 90 min gradient and
electrosprayed onto a Q-Exactive Plus Orbitrap mass spectrometer (ThermoFinnigan). Tandem mass spectrom-
etry was performed applying HCD collision-induced dissociation.

For identification, database searches were performed using the Mascot algorithm embedded in Proteome
Discoverer 1.4 (ThermoScientific) against proteins from Homo Sapiens extracted from UniProtKB (January,
2016). A decoy search database, including common contaminants and a reverse database, was used to estimate the
identification false discovery rate. The search criteria for identification were set to at least two matching peptides
of 95% confidence per protein. For quantification, a label-free intensity analysis was performed for each sample.

Statistics and network analysis. The clustering of all samples, including the bladder urine from the two
patients with residual disease, is found in Supplementary Fig. 1. As this study focused on bladder urine in com-
pletely downstaged patients, the bladder urine exosomes from the patients with residual disease were removed
from downstream analysis. The ureter urine samples from these patients were kept as controls in order to
increase statistical power. Upon PCA, these samples did not differ from ureter exosomes taken from tumour-free
patients (Supplementary Fig. 2). Protein expression values were log-transformed, and an outlier sample, iden-
tified through PCA, was removed (Supplementary Fig. 3). PCA was performed using the FactomineR package
in R'" with exosome origin, gender, concomitant prostate cancer and NAC treatment as qualitative supplemen-
tary variables and age and number of NAC cycles as quantitative supplementary variables. T-tests were adjusted
for multiple testing with Benjamini-Hochberg correction. Pathway analysis was performed through network
set enrichment analysis (NSEA), using Enrichnet!>. STRING!® provided the interaction network and functional
pathways were taken from KEGGY.

A protein interaction network was constructed in Cytoscape v 3.6.1'® using all identified proteins as nodes,
and the calculated spearman correlation coeflicients between each protein’s expression values as edges. Clustering
was done with the clusterMaker Cytoscape plugin, using the gLay community cluster algorithm!®. Pathway anal-
ysis of clusters in the cytoscape network was performed through network set enrichment analysis (NSEA) using
the JEPETTO plugin®. In these clusters, only proteins with a log-fold expression change of >0.2 between bladder
and ureter were subjected to network analysis.

Results

Firstly, we investigated whether the isolated extracellular vesicles (EV) displayed an exosome-like phenotype.
Flow cytometry of EVs bound to anti-CD63 coated latex beads showed expression of tetraspanins CD9, CD63
and CD81 in all samples (Fig. 1a). Nanoparticle tracking analysis and electron microscopy showed size distribu-
tion and morphology typical for exosomes (Fig. 1b,c). Bladder urine and ureter urine yielded 0.8 ug exosomal
protein/mL urine and 0.67 ug exosomal protein/mL urine (median) respectively, with no significant difference
between sample type. In addition, western blot analysis showed that EVs were negative for the endoplasmatic
reticulum marker calnexin (data not shown). Furthermore, proteomic analysis showed exosomal markers such as
Rab proteins, annexins and heat shock proteins (Supplementary Table 1). These data demonstrate that the urinary
EVs have an exosomal phenotype without contamination of ER-derived cellular debris, thus they are hereafter
referred to as exosomes.

From the nine patients that were analyzed by mass spectrometry, excluding the removed outlier and the blad-
der urine from patients with residual disease, in total 1094 proteins were identified in urinary exosomes - 403
unique to bladder urine and 120 to ureter urine. PCA showed a clear separation between urinary exosome sam-
ples from bladders and ureters (Fig. 2a). Separation in the 1st dimension was based on whether exosomes came
from the bladder or ureters (p =0.008), while the 2nd dimension correlated with concomitant prostate cancer
(p=0.04). Thus, proteins that correlated significantly with 1st dimension separation could only be explained by
the physical origin of the exosomes and none of the other clinical characteristics (Table 2, Supplementary Fig. 1).
We also performed differential expression testing for all proteins across the different clinical parameters and
found very few differences. No proteins showed significant differential expression in patients with prostate can-
cer. In men; envoplakin, periplakin and uroplakin 1A were all lower than in women. Patients receiving NAC had
significantly higher levels of FTR and HRG, and lower levels of ITGA3 (Supplementary Table 2).

487 proteins were significant descriptors of bladder urine in that they correlated significantly with bladder
origin in the PCA (Supplementary Table 1). These proteins were subjected to network set enrichment analysis
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Figure 1. Phenotypic analysis of urine- derived extracellular vesicles. (a) Exosomes were bound to anti-
human CD63 latex beads, stained for CD9, CD63 and CD81 and analysed by flow cytometry. Data are shown
as representative histograms (black represents marker, line the corresponding isotype control). (b) Size
distribution of urine -derived exosomes measured by nanoparticle tracking analysis, all exosomes analysed
showed a mode size typical for exosomes, bladder urine 155 nm, ureter urine 115 nm. (c) EM picture of
exosomes from bladder urine (top) and ureter urine (bottom), bar equals 200 nm.

(NSEA). We found that bladder urine showed several enriched pathways, mainly representing cancer metabo-
lism, such as glycolysis and gluconeogenesis, but also inflammatory pathways (Table 3).

In the protein correlation network (Fig. 2b), three main clusters were formed - two heavily interconnected
clusters with proteins mainly overexpressed in bladder as opposed to ureters, and one separate cluster — formed
from three smaller ones — with proteins overexpressed in ureters. Upon NSEA, cluster 1 turned out to repre-
sent mainly inflammatory pathways, while cluster 2 was enriched for metabolic pathways and cluster 3, which
contained proteins overexpressed in ureters, was enriched for proteasome proteins but no pathways involved in
tumour signalling.

All proteins contained in these clusters are found in Supplementary Table 2, and the enriched pathways are
found in Table 3.

The top 50 overexpressed proteins in bladder and ureter urine, respectively, also underwent NSEA. While
no pathways were significantly enriched, due to the low number of proteins, the top three pathways enriched in
bladder urine were metabolic. Interestingly, complement activation was enriched in both the ureter and bladder
exosomes (Supplementary Table 4).

Differential expression of individual proteins from urinary exosomes from the bladders and ureters was stud-
ied to identify potential biomarkers for remaining malignant potential despite complete downstaging. SLC4A1
was underexpressed in exosomes from bladder urine compared to the ureter urine, while 40 proteins were signif-
icantly overexpressed, including known oncogenes such as TPP1, TMPRSS2 (transmembrane protease serine 2),
FOLRI (folate receptor 1), RALB and RAB35 (Supplementary Table 5). As validation, the FOLRI protein could
also be detected in exosomes by western blot in three out of three patients, while it could not be detected in whole
protein extracts from the same patients’ urine (data not shown).
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Figure 2. Separation of samples according to exosome origin. (a) PCA on urine-derived samples only shows
significant separation between bladder/ureter urine in the 1st dimension. Ellipses represent 95% CI. (b) Clusters
from protein correlation network. Red denotes higher expression in bladder and blue higher in ureter urine. The
more intense the colour, the larger the expression difference. The three largest clusters are numbered.

Dim.1 category R* P-value
Bladder/ureter 0.4246892 0.00848231
Dim.2 category RrR? P-value
Concomitant prostate cancer | 0.2836727 0.04094804

Table 2. Categories showing significant separation on PCA.

Discussion

In order to design novel treatments to combat the high recurrence rates in UBC, a comprehensive understand-
ing of the metastatic mechanisms is needed. Exosomes, being able to carry molecular information from cancer
cells to distant tissues, and remodelling these tissues to create a pre-metastatic niche, are prime study objects to
understand metastasis. This study is the first to compare the proteomic profiles of urine-derived exosomes from
the bladder and the ureter of the same patients in order to study whether they could explain tumour recurrence
despite complete histopathological downstaging.

During cystectomy, urine was collected from the ureters and compared with urine that had passed through the
bladder. Interestingly, we identified a unique proteomic profile in bladder-derived exosomes, which was enriched
for pathways involved in metabolic remodelling. This altered exosomal protein profile, in the absence of mac-
roscopic tumour, could have four explanations: (i) exosomes are released from remaining undetected tumour
cells, (ii) the exosomes are released from non-malignant tissue that has been altered through signalling from the
tumour, (iii) the exosomes are altered by the scarring process after TUR-B, or (iv) that a normal bladder urothe-
lium releases these exosomes. Due to the malignant profile of these exosomes, we find the last two alternatives less
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Pathways enriched in proteins correlating with

bladder urine on PCA XD-score Fisher Dataset Pathway Overlap
hsa04964:Proximal tubule bicarbonate reclamation 2,86 7,70E-05 460 21 8
hsa04966:Collecting duct acid secretion 2,67 5,08E-05 460 25 9
hsa00620:Pyruvate metabolism 1,90 5,21E-05 460 40 11
hsa00030:Pentose phosphate pathway 1,85 2,21E-03 460 26 7
hsa00010:Glycolysis / Gluconeogenesis 1,75 2,02E-06 460 62 16
hsa00480:Glutathione metabolism 1,68 1,09E-04 460 44 11
hsa00360:Phenylalanine metabolism 1,68 4,80E-02 460 16 4
hsa00051:Fructose and mannose metabolism 1,61 1,95E-03 460 33 8
hsa04614:Renin-angiotensin system 1,55 5,60E-02 460 17 4
hsa05110:Vibrio cholerae infection 1,33 5,49E-04 460 52 11
hsa05130:Pathogenic Escherichia coli infection 1,16 2,14E-03 460 52 10
hsa00630:Glyoxylate and dicarboxylate metabolism 1,12 2,08E-01 460 16 3
hsa00770:Pantothenate and CoA biosynthesis 1,12 2,08E-01 460 16 3
hsa00740:Riboflavin metabolism 1,12 2,08E-01 460 16 3
?rffae(i?:(fr?:Epithelial cell signaling in Helicobacter pylori 1,09 8,35E-04 460 65 12
Pathways enriched in cluster 1 XD-score Fisher q-value | Genesetsize | Pathwaysize | Overlap size
hsa04614:Renin—angiotensin system 2,75 4,82E-04 366 17 6
hsa04610:Complement and coagulation cascades 2,57 3,27E-14 366 69 23
hsa04964:Proximal tubule bicarbonate reclamation 1,71 1,23E-02 366 21 5
hsa05020:Prion diseases 1,37 4,26E-03 366 35 7
hsa00010:Glycolysis / Gluconeogenesis 1,31 5,86E-05 366 62 12
hsa05322:Systemic lupus erythematosus 1,25 1,17E-06 366 91 17
hsa04670:Leukocyte transendothelial migration 1,24 4,36E-08 366 113 21
hsa04520:Adherens junction 1,19 5,72E-05 366 72 13
hsa05146:Amoebiasis 1,16 1,17E-06 366 102 18
hsa05100:Bacterial invasion of epithelial cells 1,03 6,88E-04 366 68 11
Pathways enriched in cluster 2 XD-score Fisher q-value | Genesetsize | Pathwaysize | Overlap size
hsa04966:Collecting duct acid secretion 2,31 3,42E-05 191 25 7
hsa00480:Glutathione metabolism 1,22 1,00E-03 191 44 7
hsa05110:Vibrio cholerae infection 1,18 4,30E-04 191 52 8
hsa00030:Pentose phosphate pathway 1,18 3,37E-02 191 26 4
hsa00051:Fructose and mannose metabolism 1,16 1,18E-02 191 33 5
hsa00620:Pyruvate metabolism 1,14 3,78E-03 191 40 6
hsa00040:Pentose and glucuronate interconversions 1,13 3,51E-02 191 27 4
Pathways enriched in cluster 3 XD-score Fisher g-value | Gene setsize | Pathwaysize | Overlap size
hsa03050:Proteasome 2,18 5,04E-11 99 43 11
hsa05412:Arrhythmogenic right ventricular 0.99 4,36E-06 99 73 9

cardiomyopathy (ARVC)

Table 3. Network set enrichment analysis.

likely. Therefore, we suggest that these exosomes are derived from transformed cells in the bladder. Furthermore,
these exosomes may be potentiating local tumour dissemination through rewiring metabolic networks in healthy
tissue, where a pre-metastatic niche is established, thus favouring establishment of metastases.

Specifically, exosomes from bladder urine were shown to overexpress proteins involved in glycolysis and glu-
coneogenesis, both relevant to cancer metabolism. Cancer cells are known to undergo a glycolytic shift, leading
to the production of macromolecules required for the higher nutrient demand?!. This contributes to an acidic
extracellular environment, promoting metastasis, drug resistance and immune suppression®.

Moreover, our finding that the pentose phosphate pathway was enriched in exosomes derived from the bladder
urine is of interest, seeing as shuttling of carbon into the pentose phosphate pathway has been shown important
for the ability of cancer cells to withstand oxidative stress and provide building blocks for sustained replication?.
Up-regulation of glutathione metabolism, also enriched in bladder urine exosomes, is another mechanism for
cancer cells to combat oxidative stress, and glutathione transferase activity has previously been associated with
bladder cancer progression?. Further supporting our findings, metabolomic studies have identified glycolysis,
glutathione and phenylalanine as among main pathways dysregulated in bladder cancer®. Phenylalanine as well
as lactate, a marker of active glycolysis, have also been found to be overexpressed in several studies of bladder
cancer®. These findings, together with the down-regulation of SLC4A1, a pH-regulating membrane protein,
in exosomes from the bladder urine support the fact that metabolic dysregulation is a major function of these
exosomes.
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Even though this study was not primarily designed to find or validate biomarkers, several potential biomark-
ers, such as TPP1, TMPRSS2 and FOLR1, were detected and highly upregulated in urinary exosomes derived
from the bladder compared to those derived from the ureter. The TMPRSS2:ERG fusion protein has been dis-
cussed as a prognostic marker for prostate cancer in urine and tissue?’” and was described to be overexpressed in
prostate cells and shed in prostasomes?®, however this has not previously been associated with UBC. FOLR1 has
been shown to be up-regulated in several cancers, including lung and ovarian, and clinical trials with targeted
antibodies are underway in these cancer types®*. In addition, our finding of FOLR1 by western blot in urinary
exosomes but not in whole urine further encourages larger studies on exosomal FOLR1 as biomarkers. TPP1 isa
serine protease also known as CLN2, mainly known for being mutated in certain neurodegenerative diseases, but
it has also been found to have increased activity in squamous esophageal carcinoma®' and breast cancer®?, and is
overexpressed and associated with liver metastasis in colorectal cancer??.

Taken together, TPP1, TMPRSS2 and FOLR1 could all be possible prognostic markers and treatment targets
in bladder cancer. However, the potential biomarkers identified in this study needs to be evaluated in larger
cohorts with differential staging and longer follow-up. Interestingly, both EPSL1 and EPSL2, which were among
the proteins we found to be overexpressed in bladder exosomes, have been previously described as overexpressed
in urinary microvesicles of bladder cancer patients, compared to healthy controls*. Additionally, NRAS, EHD4,
ITGB1 and MUCI, which were among the protein set correlating with bladder cancer on PCA, have been found
in various studies of bladder cancer exosomes®>?. This further supports our hypothesis that the exosomes found
in our study are malignant; i.e., despite macroscopic tumour ablation, exosomes carrying a malignant metabolic
phenotype are present in the bladder. Our findings further support that urinary exosomes are a good source of
biomarkers in urinary bladder cancer. While we cannot draw definite conclusions on how these exosomes impact
recurrence in this study, other studies comparing partial with radical cystectomy support our hypothesis that the
bladder and surrounding tissues are susceptible to recurrence followed by metastasis as long as the bladder is
present. In line with this, partial cystectomy, i.e. local resection with macroscopic and microscopic free margins,
shows higher recurrence rates, than RC*.

In conclusion, we demonstrate that urinary exosomes from the bladder, even when no macroscopic tumour
remain after a combination of TUR-B and NAC, differ from exosomes found in urine from the upper tract.
These exosomes are showing a malignant metabolic phenotype, which could promote metastasis and recurrence.
Through pathway analysis, we provide support for exosomal involvement in establishing a pre-metastatic niche
through rewiring of metabolic signalling networks. We suggest that the bladder acts as a reservoir for exosomes
able to disseminate to regional and distant sites in lymph nodes and distant organs, where they aid dissemination
through metabolic rewiring. We hypothesise that this explains why so many invasive bladder cancer patients
relapse even after NAC and RC, and the even higher recurrence rates in non-muscle invasive bladder cancer
patients not treated with RC. Further follow-up, including metabolomic profiling of urine and bladder tissue is
needed to establish this as a fact. In our proposed model, exosomes retain a malignant memory phenotype in the
bladder even after TUR-B plus NAC, emphasising the importance of radical over minor surgery to remove the
source of tumour-promoting exosomes.

Data availability

All datasets generated during the study are available on request from the corresponding author.

Received: 28 May 2019; Accepted: 20 February 2020;
Published online: 06 April 2020

References

1. Wallmeroth, A. et al. Patterns of metastasis in muscle-invasive bladder cancer (pT2-4): An autopsy study on 367 patients. Urol. Int.
62, 69-75, https://doi.org/10.1159/000030361 (1999).

2. Psaila, B. & Lyden, D. The metastatic niche: adapting the foreign soil. Nat. Rev. Cancer 9, 285-293, https://doi.org/10.1038/nrc2621
(2009).

3. Sonpavde, G. et al. Prognostic risk stratification of pathological stage T2NO bladder cancer after radical cystectomy. BJU Int. 108,
687-692, https://doi.org/10.1111/j.1464-410X.2010.09902.x (2011).

4. Rosenblatt, R. et al. Pathologic downstaging is a surrogate marker for efficacy and increased survival following neoadjuvant
chemotherapy and radical cystectomy for muscle-invasive urothelial bladder cancer. Eur. Urol. 61, 1229-1238, https://doi.
org/10.1016/j.eururo.2011.12.010 (2012).

5. Valadi, H. et al. Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells.
Nat. Cell Biol. 9, 654-659, https://doi.org/10.1038/ncb1596 (2007).

6. Pisitkun, T., Shen, R. E. & Knepper, M. A. Identification and proteomic profiling of exosomes in human urine. Proc. Natl Acad. Sci.
USA 101, 13368-13373, https://doi.org/10.1073/pnas.0403453101 (2004).

7. Yoon, Y. J. et al. Egr-1 activation by cancer-derived extracellular vesicles promotes endothelial cell migration via ERK1/2 and JNK
signaling pathways. PLoS One 9, e115170, https://doi.org/10.1371/journal.pone.0115170 (2014).

8. Hoshino, A. et al. Tumour exosome integrins determine organotropic metastasis. Nature 527, 329-335, https://doi.org/10.1038/
naturel5756 (2015).

9. Wy, C. H,, Silvers, C. R., Messing, E. M. & Lee, Y. F. Bladder cancer extracellular vesicles drive tumorigenesis by inducing the
unfolded protein response in endoplasmic reticulum of nonmalignant cells. J. Biol. Chem. 294, 3207-3218, https://doi.org/10.1074/
jbc.RA118.006682 (2019).

10. Kim, J. W. et al. Fas ligand-positive membranous vesicles isolated from sera of patients with oral cancer induce apoptosis of activated
T lymphocytes. Clin. Cancer Res. 11, 1010-1020 (2005).

11. Wada, J. et al. Surface-bound TGF-betal on effusion-derived exosomes participates in maintenance of number and suppressive
function of regulatory T-cells in malignant effusions. Anticancer. Res. 30, 3747-3757 (2010).

12. Beckham, C.]. et al. Bladder cancer exosomes contain EDIL-3/Dell and facilitate cancer progression. J. Urol. 192, 583-592, https://
doi.org/10.1016/j.juro.2014.02.035 (2014).

SCIENTIFIC REPORTS |

(2020) 10:5960 | https://doi.org/10.1038/s41598-020-62753-x


https://doi.org/10.1038/s41598-020-62753-x
https://doi.org/10.1159/000030361
https://doi.org/10.1038/nrc2621
https://doi.org/10.1111/j.1464-410X.2010.09902.x
https://doi.org/10.1016/j.eururo.2011.12.010
https://doi.org/10.1016/j.eururo.2011.12.010
https://doi.org/10.1038/ncb1596
https://doi.org/10.1073/pnas.0403453101
https://doi.org/10.1371/journal.pone.0115170
https://doi.org/10.1038/nature15756
https://doi.org/10.1038/nature15756
https://doi.org/10.1074/jbc.RA118.006682
https://doi.org/10.1074/jbc.RA118.006682
https://doi.org/10.1016/j.juro.2014.02.035
https://doi.org/10.1016/j.juro.2014.02.035

www.nature.com/scientificreports/

13. Qazi, K. R., Gehrmann, U., Domange Jordo, E., Karlsson, M. C. & Gabrielsson, S. Antigen-loaded exosomes alone induce Th1-type
memory through a B-cell-dependent mechanism. Blood 113, 2673-2683, https://doi.org/10.1182/blood-2008-04-153536 (2009).

14. Le, S., Josse, J. & Husson, F. FactoMineR: An R Package for Multivariate Analysis. Journal of Statistical Software 25 (2008).

15. Glaab, E., Baudot, A., Krasnogor, N., Schneider, R. & Valencia, A. EnrichNet: network-based gene set enrichment analysis.
Bioinformatics 28, i451-i457, https://doi.org/10.1093/bioinformatics/bts389 (2012).

16. Szklarczyk, D. et al. The STRING database in 2011: functional interaction networks of proteins, globally integrated and scored.
Nucleic Acids Res. 39, D561-568, https://doi.org/10.1093/nar/gkq973 (2011).

17. Kanehisa, M. & Goto, S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30 (2000).

18. Su, G., Morris, J. H., Demchak, B. & Bader, G. D. Biological network exploration with Cytoscape 3. Curr. Protoc. Bioinforma. 47(8),
13 11-24, https://doi.org/10.1002/0471250953.bi0813s47 (2014).

19. Morris, J. H. et al. clusterMaker: a multi-algorithm clustering plugin for Cytoscape. BMC Bioinforma. 12, 436, https://doi.
org/10.1186/1471-2105-12-436 (2011).

20. Winterhalter, C., Widera, P. & Krasnogor, N. JEPETTO: a Cytoscape plugin for gene set enrichment and topological analysis based
on interaction networks. Bioinformatics 30, 1029-1030, https://doi.org/10.1093/bioinformatics/btt732 (2014).

21. Massari, E. et al. Metabolic phenotype of bladder cancer. Cancer Treat. Rev. 45, 46-57, https://doi.org/10.1016/j.ctrv.2016.03.005
(2016).

22. Spugnini, E. P. et al. Proton channels and exchangers in cancer. Biochim. Biophys. Acta 1848, 2715-2726, https://doi.org/10.1016/j.
bbamem.2014.10.015 (2015).

23. Du, W. et al. TAp73 enhances the pentose phosphate pathway and supports cell proliferation. Nat. Cell Biol. 15, 991-1000, https://
doi.org/10.1038/ncb2789 (2013).

24. Simic, T. et al. Glutathione S-transferase T1-1 activity upregulated in transitional cell carcinoma of urinary bladder. Urology 65,
1035-1040, https://doi.org/10.1016/j.urology.2005.01.005 (2005).

25. Rodrigues, D. et al. Biomarkers in bladder cancer: A metabolomic approach using in vitro and ex vivo model systems. Int. J. Cancer
139, 256-268, https://doi.org/10.1002/ijc.30016 (2016).

26. Shi, H., Li, X., Zhang, Q., Yang, H. & Zhang, X. Discovery of urine biomarkers for bladder cancer via global metabolomics.
Biomarkers 21, 578-588, https://doi.org/10.3109/1354750X.2016.1171903 (2016).

27. Tosoian, J. ], Ross, A. E., Sokoll, L. J., Partin, A. W. & Pavlovich, C. P. Urinary Biomarkers for Prostate Cancer. Urol. Clin. North. Am.
43, 17-38, https://doi.org/10.1016/j.ucl.2015.08.003 (2016).

28. Chiasserini, D. et al. Identification and Partial Characterization of Two Populations of Prostasomes by a Combination of Dynamic
Light Scattering and Proteomic Analysis. J. Membr. Biol. 248, 991-1004, https://doi.org/10.1007/s00232-015-9810-0 (2015).

29. Lin, J. et al. The antitumor activity of the human FOLRI1-specific monoclonal antibody, farletuzumab, in an ovarian cancer mouse
model is mediated by antibody-dependent cellular cytotoxicity. Cancer Biol. Ther. 14, 10321038, https://doi.org/10.4161/cbt.26106
(2013).

30. Thomas, A., Maltzman, J. & Hassan, R. Farletuzumab in lung cancer. Lung Cancer 80, 15-18, https://doi.org/10.1016/j.
lungcan.2012.12.021 (2013).

31. Altorjay, A. et al. Significance and prognostic value of lysosomal enzyme activities measured in surgically operated adenocarcinomas
of the gastroesophageal junction and squamous cell carcinomas of the lower third of esophagus. World J. Gastroenterol. 11,
5751-5756 (2005).

32. Junaid, M. A,, Clark, G. M. & Pullarkat, R. K. A lysosomal pepstatin-insensitive proteinase as a novel biomarker for breast
carcinoma. Int. J. Biol. Markers 15, 129-134 (2000).

33. Tsukamoto, T., lida, J., Dobashi, Y., Furukawa, T. & Konishi, F. Overexpression in colorectal carcinoma of two lysosomal enzymes,
CLN2 and CLN1, involved in neuronal ceroid lipofuscinosis. Cancer 106, 1489-1497, https://doi.org/10.1002/cncr.21764 (2006).

34. Smalley, D. M., Sheman, N. E., Nelson, K. & Theodorescu, D. Isolation and identification of potential urinary microparticle
biomarkers of bladder cancer. J. Proteome Res. 7, 2088-2096, https://doi.org/10.1021/pr700775x (2008).

35. Nawaz, M. et al. The emerging role of extracellular vesicles as biomarkers for urogenital cancers. Nat. Rev. Urol. 11, 688-701, https://
doi.org/10.1038/nrurol.2014.301 (2014).

36. Welton, J. L. et al. Proteomics analysis of bladder cancer exosomes. Mol. Cell Proteom. 9, 1324-1338, https://doi.org/10.1074/mcp.
M000063-MCP201 (2010).

37. Kassouf, W. et al. Partial cystectomy for muscle invasive urothelial carcinoma of the bladder: a contemporary review of the M. D.
Anderson Cancer Center experience. J. Urol. 175, 2058-2062, https://doi.org/10.1016/50022-5347(06)00322-3 (2006).

Acknowledgements

We would like to acknowledge the dedicated contributions of our late colleague Dr Johan Hansson, Centre for
Research and Development, Faculty of Medicine, Uppsala University, County Council of Gavleborg, to this work.
We would like to acknowledge our late colleague Dr Janos Vasko, Department of Medical Biosciences, Pathology,
Umea University, for the dedicated contributions to this work. We would like to thank Kjell Hultenby, Department
of Pathology, Karolinska Hospital Huddinge for the electron microscopy pictures. Research nurses Britt-Inger
Dahlin and Kerstin Almroth (Department of Surgical and Perioperative Sciences, Urology and Andrology, Umea
University) were of valuable assistance in the work. This work was supported by grants from the Swedish Medical
Research Council VR K2013-67X-15242-10-5 and 2018-02806, The Swedish Cancer Foundation 2016/469, The
Cancer Research Foundations of Radiumhemmet 131082 and 181103, The Stockholm County Council 20140405,
The Swedish Heart-Lung Foundation 20140497, 20140711, 20130551, The Cancer and Allergy Foundation, the
KID grant of the Karolinska Institute, The Regional research committee in the Uppsala-Orebro region (RFR in
Uppsala-Orebro), the Swedish Research Council funding for clinical research in medicine (ALF) in Visterbotten,
VLL, Sweden and the Cancer Research Foundation in Norrland, Ume&, Sweden. Open access funding provided
by Karolinska Institute.

Author contributions

Conception and design: S.G., S.H., M.E., M.M., A.S., development of methodology: S.G., S.H., M.E. acquisition
of data: S.H., M.M., M.E., R.R., B.H., EA., M.J. analysis and interpretation of data: S.G., S.H., M.E., M.M., writing
outline of manuscript: S.H., M.M., and reading and revision of manuscript: S.G., S.H., M.E., M.M., R.V,, O.W,,
A.S., study supervision: S.G., A.S.

Competing interests
S.G. has a patent on B cell derived exosomes in immune therapy, and is part of the Scientific Advisory Board of
Anjarium Biosciences.

SCIENTIFIC REPORTS |

(2020) 10:5960 | https://doi.org/10.1038/s41598-020-62753-x


https://doi.org/10.1038/s41598-020-62753-x
https://doi.org/10.1182/blood-2008-04-153536
https://doi.org/10.1093/bioinformatics/bts389
https://doi.org/10.1093/nar/gkq973
https://doi.org/10.1002/0471250953.bi0813s47
https://doi.org/10.1186/1471-2105-12-436
https://doi.org/10.1186/1471-2105-12-436
https://doi.org/10.1093/bioinformatics/btt732
https://doi.org/10.1016/j.ctrv.2016.03.005
https://doi.org/10.1016/j.bbamem.2014.10.015
https://doi.org/10.1016/j.bbamem.2014.10.015
https://doi.org/10.1038/ncb2789
https://doi.org/10.1038/ncb2789
https://doi.org/10.1016/j.urology.2005.01.005
https://doi.org/10.1002/ijc.30016
https://doi.org/10.3109/1354750X.2016.1171903
https://doi.org/10.1016/j.ucl.2015.08.003
https://doi.org/10.1007/s00232-015-9810-0
https://doi.org/10.4161/cbt.26106
https://doi.org/10.1016/j.lungcan.2012.12.021
https://doi.org/10.1016/j.lungcan.2012.12.021
https://doi.org/10.1002/cncr.21764
https://doi.org/10.1021/pr700775x
https://doi.org/10.1038/nrurol.2014.301
https://doi.org/10.1038/nrurol.2014.301
https://doi.org/10.1074/mcp.M000063-MCP201
https://doi.org/10.1074/mcp.M000063-MCP201
https://doi.org/10.1016/S0022-5347(06)00322-3

www.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-62753-x.

Correspondence and requests for materials should be addressed to S.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:5960 | https://doi.org/10.1038/s41598-020-62753-x


https://doi.org/10.1038/s41598-020-62753-x
https://doi.org/10.1038/s41598-020-62753-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Urinary Exosomes from Bladder Cancer Patients Show a Residual Cancer Phenotype despite Complete Pathological Downstaging

	Methods

	Patients. 
	Exosome isolation. 
	Flow cytometry. 
	Nanoparticle tracking analysis. 
	Electron microscopy. 
	Mass spectrometry. 
	Statistics and network analysis. 

	Results

	Discussion

	Acknowledgements

	Figure 1 Phenotypic analysis of urine- derived extracellular vesicles.
	﻿Figure 2 Separation of samples according to exosome origin.
	Table 1 Patient Characteristics.
	﻿Table 2 Categories showing significant separation on PCA.
	﻿Table 3 Network set enrichment analysis.




