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ARTICLE INFO ABSTRACT

Keywords: Urine contains cellular elements, biochemicals, and proteins derived from glomerular filtration of plasma, renal
Biomarkers tubule excretion, and urogenital tract secretions that reflect an individual's metabolic and pathophysiologic
Omics state. Despite intensive research into the discovery of urinary biomarkers to facilitate early diagnosis, accurate
Extracellular vesicles prognosis and prediction of therapy response in urological cancers, none of these markers has reached wide-
E;:Smes spread use. Their implementation into daily clinical practice is hampered by a substantial degree of hetero-
Cancer geneity in performance characteristics and uncertainty about reliability, clinical utility and cost-effectiveness, in

addition to several technical limitations. Extracellular vesicles (EV) have raised interest as a potential source of
biomarker discovery because of their role in intercellular communication and the resemblance of their molecular
content to that of the releasing cells. We review currently used urinary biomarkers in the clinic and attempts that
have been made to identify EV-derived biomarkers for urological cancers. In addition, we discuss technical and

methodological considerations towards their clinical implementation.

1. Urine: composition and liquid biopsy potential

Urine provides an alternative to blood plasma as a potential source
of disease biomarkers. It is available in large quantities using non-in-
vasive collection procedures. As a proximal fluid and resulting from the
glomerular filtration of the blood, it is interesting not only from the
renal or urogenital perspective, but also for a broad variety of disorders
which may translate into urine metabolite or protein content altera-
tions. Despite these advantages, to date, no biomarker or biomarker
combination, has achieved widespread clinical application as a diag-
nostic assay.

Pre-analytical confounders are important considerations for ur-
inalysis and may hamper clinical breakthrough (Delanghe and
Speeckaert, 2016). The confounders are situated at 4 levels: sampling
method (first-voided vs mid-stream specimens; first vs second morning;
on spot specimens; 24-h collection), transport, preservation and sample
dilution of urine. Urine samples can be normalized by analysis of os-
molality (measures the osmoles of solute per liter of solution), specific
gravity (compares the density of urine to the density of water), con-
ductivity (conduction of electricity determined by the electrolyte

concentration) and urinary creatinine (creatinine, the breakdown pro-
duct of creatine phosphate during muscle metabolism and filtered out
of the blood into the urine by the kidney). These parameters allow to
correct for dilution effects due to hydration and to interpret urinalysis
findings regardless of the sample dilution. Quality control studies that
take into consideration these pre-analytical factors will further lead to
improved guidelines for the standardization of urinalysis.

In general, urine is considered as a much simpler biofluid than
plasma. Urine samples are divided into sediments and supernatant.
Sediments are microscopically investigated for crystals (oxalate, car-
bonate, phosphate, urate and cystine), casts (hyaline and cellular),
bacteria/yeast and cells that will give a clue to what is happening up-
stream. The supernatant is examined chemically for proteins and low-
molecular weight molecules such as albumin, hemoglobin and meta-
bolites. A first indication of the higher complexity of urine was shown
in 1995 (Kanno et al., 1995). The full length, transmembrane water
channel protein, aquaporin-2 (AQP2), was detected in urine super-
natants. Sediments obtained by ultracentrifugation of urine super-
natants contained abundant amounts of AQP2. Immunoelectron mi-
croscopical analysis of these sediments showed vesicular structures

* Corresponding author at: Laboratory of Experimental Cancer Research, Department of Radiation Oncology and Experimental Cancer Research, Ghent University, Ghent, Belgium.

E-mail address: an.hendrix@ugent.be (A. Hendrix).

https://doi.org/10.1016/j.biocel.2018.04.009

Received 30 December 2017; Received in revised form 5 April 2018; Accepted 8 April 2018

Available online 11 April 2018
1357-2725/ © 2018 Published by Elsevier Ltd.


http://www.sciencedirect.com/science/journal/13572725
https://www.elsevier.com/locate/biocel
https://doi.org/10.1016/j.biocel.2018.04.009
https://doi.org/10.1016/j.biocel.2018.04.009
mailto:an.hendrix@ugent.be
https://doi.org/10.1016/j.biocel.2018.04.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocel.2018.04.009&domain=pdf

International Journal of Biochemistry and Cell Biology 99 (2018) 236-256

(8pd 1x2u UO panunU0)

(8661) e 12

SANIM (8661) e 12 IOUIM
‘(#002) T 12 ewog, (6661)
‘Te 19 rWIRYS 900T B 19
Jerreys (000¢) ‘Te 19 e121IaS
£(0002) ‘e 19 }nzomes
(e1002) 'Te 32 0AeqIeD
-zaypues ‘(2002) Te 12

pees (1007) '[e 3° Aysuod
‘(6661) 'Te 12 1zznjoed
‘(T10T) T I ueAINS,0
{(eT10T) “Te 30 ABAIN
‘(£102) Te 3@ ueloT ‘(6002)
‘Te 19 uueunsioH ‘(100g)

‘[e 39 soueg zoLNNy (1002)
‘Te 19 sonodouuern ‘(z00g)
‘Te 39 YoupaLd (ST0T)

UBIDIUYD)

£101eI10qR] paUTRn SaImbay g

doueurojd
onsouserp ur Aypusadorsay
Jo 23135p [enueIsqns
anfea
PIoysa1y) pauyap A[1ea[d oN
ure}adun are
Ayrmn [edturp pue AIIqeIRY ¢
UOIRIUSWNIISUT
‘I90ued Areurmojruad
1930 ‘uonisodisyur
[9Moq ‘sIsenypoin

<

o~

237

B. Dhondt et al.

‘Te 32 noyd ‘(1002) 'Te 1 ‘eLINBWSY ‘UONJeUIUIR[JUT J1wo9101d
Teyeyd ‘(y10T) Te 1o sua1yag ‘wondsjur ur 2ansod asfeq T 9JBIRPOIN +4°0-89°0 66-0F 68-4T 261y 001-9¢ QOUE[[IPAING ¢¢-dINN surm jodg 3591 09 '1
¢C-dIAN 1oppe[d
uonepifea juspuadapur Srwoydrdsuely, (s4019Df oW ‘VSd
Pa9Uu puB PIULIGUOD Ud(q wnuas +) (UonezIeuLou) o3eD IsI1g
10U JARY SSIUIATIIVYJI-1S0D (Asdorg) A4dds ‘o¥d aurm jodg I02SI[[9IU]
(9107) "Te 19 UBUDP  Pue AOn [edrurp ‘AN[iqery 1 MOT  LLO-€L0 96-16 L8-9¢ V€8T  L6-T6 sisouderq PuUe €VDd PaALSP-Ad HYQ-UON  eIsord Xqoxy 91e1501d
uonepirea juspuadapur orwojdrrosuer],
Ppo9{u puB pauLIjuod uaaq [o3eo 1sI1q
JOU ARV SSIUIAIIIDIJR-1S0D (Asdorg)  (s4019Df o1 VS WIS surm jodg
(9107) T2 19 159N UeA  pue AInn [edrurpd ‘AIIqerdy 1 MOT 06°0-98°0 86 SN SN SN sisouserq +) IXTH Pue 9DXOH q4a-1sod XAIN 399198 91815014
pauLIguod usaq
10U 9ARY SSIUIATIIIJD-1S0D
pue Armn [edmurp ‘Aiqersy ¢ srwoydrdsuel],
(9102) "Te 39 surwo, ‘(£102) Apms [o3eD 3sIT
‘Te 32 epues (£107) ‘Te 10 Juapuadopur ue Ul pajepijea (Asdorg) (VSd wn.as +) suLm jods (SdIN) 21008
nweres (€102) ‘e 1@ nuio) lou aIe sanfeA poysaIyy, T MOT 88°0-€40 €6 €€ 06-€€ €608 sisouselq  DYA-CSSUdIALL PUB €VDd qdd-1sod 91e)501d-TIN 9re1sold
pauLyuod
U33q JOU JABY SSIUIATIIYD
<1500 pue AN [edru g
SUOISIORP
(0102) Te 19 JuswRdeurW I0 sisouderp
wR[IMH-Yourwae[A ‘(Z002) I9)[e 03 doueuLio}Rd pue
‘Te 39 SyIeN “(F102) ‘T8 312 Dd Jo saimeay [edrdojoyred Srwoydrdsuel],
onT ‘(€10¢) Te 3 A3[peig /Tedturd unorpad ur (&sdorq
‘(1T02) ‘[e 12 Pudny  anfeA Uo ddUIPIAd SUNDIPUO) T MOT  /8°0-99°0 06—V 4 S8y 6899 T8FS -y) stsouderq VSd:€vDd TYQA1s0d  «EVDd esuadord 91e1s01d
(s) @duaIa)y suonewWIT  (AAVHD) A0S oNV (%) AdN (%) Add (%) dS (%) @S adA ], 1oy reworg Iayreworg adAJ, aurn 1591, onsouderq adA[ 19dueD

*SUOTIB)IWI] PUB SONSLIvIORIRYD ddueuLIojrod Surpnpur ‘@onoeld [edrur ojul pajuswa[dul s190UBd ATRULINOITUAS JO SDUR[[IPAINS PUR SISOUSRIP 10j SI9NIRWOIq ATRULIN JUILIND
1 9IqelL



International Journal of Biochemistry and Cell Biology 99 (2018) 236-256

B. Dhondt et al.

(98pd 1x2u UO panunuU0d)

URDIUYDD)
K101R10qR] paUTRn) SaImbay 4
doueuriojd

onsouserp ur Apusdorsiay
Jo 92130p [enueisqns
urejrdun e

Ay reorurp pue Aiiqery
j0en ArRULIN

o1 ur sarpoq udaI0j Jo
Qouasaxd ‘suone[nsur HH Jo

o

N

(000Z) A101s1Y ‘s19dUED Areurmolrusd
‘Te 19 e12113S (qZ2102) P10 ‘uonisodiayur JTw03101d
‘Te 32 eAIA “(£002) [9moq ‘Hdg ‘siseryiroin (Adoasorsfo H 1019e] Juswa[dwod
‘Te 39 M_uyRA ‘(ST0Z) ‘T8 1 ‘eLINBWSY ‘UONRUIIR[JUT 03 30unfpo) pue urjoxd pajefar pazialayie)
noyd ‘(¢00z) ‘e 12 ynfqeg ‘uondayur ur aanisod asfeq T moq VN 88-84 0S¥ 98-€9 8.LCS SduE[[IPAING -H 1030ej Juowddwo) 10 durm jodg =IVYL V14 ¢
ddueuriojad
(866T) ‘[e 19 IOUIIM onsouserp ur Aypuadorsay
(¥002) 'Te 32 BWOL “(6661) Jo 99189p [enueIsqns €
‘Te 39 euLreys ‘(0002) ‘e 1° urejradun aIe
eNaLRS {(2002) e 12 pees  ANun [edruld pue AN[IqeIRY ¢
(8002) uauelrey (6661) 1en Areurm
‘Te 39 nnseN ‘(qZ107) ‘e 190 9y} ur sa1poq uda10J jo
RATIA “(2000Z) ‘Te 12 ueljy  dduasaxd ‘suone[nsul HHG jo
‘(1007) 'Te 10 soueq zo1nNy  AIOISIY ‘SI9dURD ATRurimoliusd
‘(¥102) T 32 ond (100T) Iay10 ‘uonisodroul dTwI033014
‘Te 39 sonodouuery “(z00g) [omoq ‘Hdg ‘sIsenyiroin (Adoasorsfo H 1019e] Juswa(dwod
‘Te 39 YaupaL “(S102) 'Te 1 ‘RLINJRWSY ‘UONeUIRyul 01 30Un{pD) pue urj01d pajefar pazLIalayIe)
noyd “(z00z) ‘Te 10 ynlqeg ‘uoryoayur :ur aanisod asfed T 9JBISPOIN S0 S6-04 /891 T6-€9 001-TE JOUB[[IOAINS -H 1010j Juswe[dwo) 1o suumn jods .. .3€IS VIF L
vid Isppeld
Soueuriojrad
onsoulerp ur A)vusdoraay
Jo 92139p [enueisqns
anfea
PIoysa1y) pauyap A[Iead oN €
(#102) urelIadun are
Te 39 onny (Q°ez10z)  AN[HN [edIUIp pue AN[IQeIRY ¢
“Ie 39 YBAIN (6002 UOTBIUSWNIISUT
‘4102) “Te 19 ue10T (6002) ‘I90URD ATRurmolruad
‘Te 39 exdno “(S00Z ‘9002) 130 ‘uonisodryur
‘Te 19 UBWISSOID ‘GTOZ “[e 19 [9Mmoq ‘sisenylIjoin JTW03)01d
noyd ‘(y107) ‘Te 19 suaryag ‘RLINJRWRY ‘UONRWWIRIJUL UR[[IPAING 20d
((T102) e 19 LvIqIeg ‘uondajur :ur aanisod asfeq T MOT  9£'0-95°0 L671L 1402 9684 98-11 sisouserq ¢C-dAN aurm jodg  .aydIAppeld T
(s) @oua195oYy suoneywr] (4avyd) 20S ONV (%) AdN (%) Add (%) dS (%) S adA], 1oxreUIOIg IayIewolg adAy, sunn 159, onsouderq  2dAy, 19oue)

(panupu0d) 1 dqeL

238



International Journal of Biochemistry and Cell Biology 99 (2018) 236-256

B. Dhondt et al.

(28pd 1x2u UO panunuU0)

odqn 1oppeld
1s13o101Rd014D
pauren saimbay 9
Tonuod Aenb juelsuod 10y
P39N ‘ANTIqRLIBA I9AIISCOISIUT
[enuelsqng AN
Burures] desys Quawrdmbas
£101R10qR] SUTUISOUOD
syuouraambay (apr1rs 1od 005
Uey]) 9I0W) S[[3D PAIRI[0OJX
Jo Iaqunu d3Ie] B 10J pasu
m Lienb ordures Bururels
a1 jo uoneyaxdioyur ur
Souarradxy :s19adse [edruyda)
(1002) ‘Te 12 BUIISILIA uo juspuadap st AdeIdOY G
‘(#002) T 32 ewWOJ, (S002) (Dg @A1seAUI-DRSNW UT
‘e 12 NRL “(6002) ‘[B J°  PUNOJ JOU Ik SUISIUL) ISdUBD
UBAT[NS ‘(£00T) Te 12 881 I9pPe[q T Ul ANANISUSS 100 H
-Z3TuydS ‘(100Z) UOSSIDORZ soueuriojrad
pue uoss|0 ‘(6661) onsouerp ur Aypuadoralay
‘Te 39 U\ (S002) 'Te 32 Jo 92130p [enueisqns ¢
3uissa ‘(£002) ‘Te 32 appoT ureynLOUN
‘(6002) 'Te 19 uueunsIioy 9B SS9UIANDYJI-1S0D
(9002) "Te 19 2u221D “(€107)  Pue AN [edUI ‘AN[IqRIPY ¢ Jrwosjoid (ITV61/010aD
Te 39 fojdwo) (s107) Hd4g ‘siseryiijoin (AdodsorsA>  sureyjordoonur pue (FESIN)
‘Te 32 noyd “(Z102) ‘T8 1° ‘BLIMBWAY ‘UOTRUIIRJUT 01 30un{po) w10] MINH uadnuy «+140n
eyD ‘(2002) ‘Te 19 aydreg ‘uoryodyur :ur aanisod asfed T 9JBIdPOIN  S8°0-+S'0 66—V L 28-9C 16-79 001-2€ QouB[[IPAINS JruoAIquisourdre) suLmn jodg /MApounurwy 1appe[gd
1s130101Rd014D
pauren saimbay 9
S[[92 IoWwn) JO Isquinu
JusDYJNS B M Aifenb
ordures ‘Hs14 Sururioyiad yIm
douaLIadxy :s10adse [edruyda)
uo Juapuadap st £oemMdOY g
soueurojrad
onsouserp ur Aypuadoray
+002) e 19 Jo 92139p [enueIsqns 4
rWOJ, (6002) Te 19 URAINS Kesse aAnIsod e 10j ISIXo
‘(0102) Te 3 3uos (Z00T) BLID)LD pauyap A[1e3[d ON €
‘Te 19 Apso1es (z00Z) ‘Te 1@ urejradun
1998[d {(£002) 'Te 10 Ae]A SIB SSIUIATIIVYJD-1S0D
(£102) "Te 12 uel0T (6002)  Pue AImN [edrurp AIIqerpy ¢ JTuousH
‘Te 32 uueunsioy ‘(8002) sioumn) Areurmojiuad Enliierenty (snoo[ 1zde Jo ssof pue
yelurpfeHq ‘(8002) 'Te 1@ 910 ‘Hdd ‘sIsernyijoin (sa4npasoud /1 ‘4 ‘€ sswrosowolyd jo
uossuolpny (S107) Te 19 ‘BLINBWLY ‘UOTRUIIRJUT p4opupis 01 Aprojdnaue) sanijeuLIOUqR
noyd “(£102) ‘Te 1@ S1aquog :ur aanisod asfeq 1 9JBIdPOIN  /8°0-€9°0 26-14 88-€€ 00I-€9 00I-€€ 7unipp) sisouderq [ewosowoIy) auLmn jodg Luorsfaoan 1apperg
(s) @oua195oYy suoneywr] (4avyd) 20S ONV (%) AdN (%) Add (%) dS (%) S adA], 1oxreUIOIg Ijreworyg adAy, sunn 159, onsouderq  2dAy, 19oue)

(panupu0d) 1 dqeL

239



International Journal of Biochemistry and Cell Biology 99 (2018) 236-256

B. Dhondt et al.

'159) a1ed-jo-jurod : ‘panordde yqd.

'00d
‘(dnoin Sunjiop\ suoneneay

pue Juowdo[eAs( JUSWISSISSY ‘SUOTIEPUSUITIOIY JO SUIPLID) 9JUSPIAS Jo ISuans (AAVYD) A0S ‘Adymnads :ds (Aianisuss 9§ onfea aandtpaid aanisod :Add Onfea aandIpaid aanedau (AN YSPm Jemoajour
YSTY :MIAH ‘SOIIS9A IR[N[OIBIXD (AH 190ued 2)elsord :DJ ‘uoneururexa [e321 [e3dip :qyq ‘ersejdrodAy onelsoxd udiusq Hdd SULIPND-2)39WeD (kg DD “19dURD ISPPE[q :DF DAIND U} I9PUN BIE (DY SUOIRIARIqQY

(2102) 'Te 30 UeAI[NS,O
‘(£102) 'Te 39 uejo
“(ST0TLTOT) Te 12 SLIST[eARY
‘(ST0T) T 19 uvalg

(£102) Te 312 MIAS “(+00T)
‘Te 39 19pa01YdS “($102)

‘T 39 19I1y (£102) Te 19
I9[Y2Id “(B000T) T8 19 UBHA
‘(#002) ' 10 S19quaveH
(S10T ‘L102) 'Te 3

2F “(2002) Te 1 niqeq

‘(26661

‘qQr002) e 30 ofeqred
-zoypues ‘(F102) T 10
1911y (0002) ‘Te 30 uedunpy
“(40002) Te 32 UBIA (£002)
e 39 £BIN “(0002) ‘Te 32
1eddesoH “(#002) 'Te 10
SroquareH ‘(100T) & 12
sonodouuery ‘(z00zg) Te 1@
uewog ‘(z00Z) ‘Te 12 ynlqeg

UBIOIUYDI)
K101BI10qR] paUTRn SaImbay ¢
uonepifea juspuadapur
PaIau pue UTELIAdUN e
Aynn [eorurp pue Aniqerdy ¢
SISETY3I[oIn
‘ermjeway :ur aanisod asfeq T
ddueuLiojd
onsoulerp ur A1vusdorasy
Jo 92130p [enueisqns g
urejLoun aIe
Aynn reorurp pue Liiqensy ¢
sanuRUdITRW
Areurmojiuag 12130 ‘Hdd
‘sIseryiroIn ‘uoneuIweyul
‘uondayur :ur aantsod asfeq 1
URDIUYID)
K101R10qR] paUren saimbay 4
soueurofrad
onsouserp ur Aypuadoray
Jo 92139p [enueisqns g
urejredun aIe
Armnn [edturp pue AIIqeIPY ¢
sanueudIRW
Areurmojiuag 1910 ‘Hdd
‘SISEIII[OIN ‘UOTIRUIUIRJUT
‘uonoajur :ur aanisod asfed 1

MOT  /8°0-€L0

MOT S£'0-C9°0

MOT TLO-1IS0

orwojdrosuely,
dUR[[IPAINS
sisoueiq

2103101
JdUR[[IPAING
s1souSerq

orwoajord
QdUB[[IOAINS
sisouSeiq

(s4010Df
[pomId +) 294DXD ‘IAAD
AN ‘€TVXOH ‘Sdd49I1

81 pue g UNeIayoI)

81 pue g UneIaYoIL)

Kep a1 jo
JULIN PU0dAS
urea1s-prA
aurm jodg

surm jodg

aurm jodg

ToppeIgxd 1apperg

D0d
pidey-04n ‘T

VSITI-04N '1

(s) @duaIayy

suonewIT (4Avyo) H0S

od£], 1oyreworg

JoyIeworg

ad£J, aurin

3591, onsouSerq adAJ, 19oue)

(panupu0d) 1 dqeL

240



B. Dhondt et al.

with membrane-associated AQP2. Tandem mass spectrometric profiling
of proteins present in ultracentrifuged sediments from normal human
subjects identified hundreds of distinct proteins implicated in the gen-
esis of multivesicular bodies and endosomes suggesting the presence of
extracellular vesicles (EV) (Street et al., 2012). Specifically, these EV
isolates contain proteins characteristic of every cell type in the urinary
tract, including podocytes, renal tubular epithelial cells and urothelium
from the urinary collecting system. In the case of prostate-specific
diseases, excretion of prostate-specific factors into the urine can be
stimulated by prostate massage during digital rectal examination
(DRE). Prostate massage increases prostate-derived EV release into the
urethra and subsequently in the collected urine fraction (Nilsson et al.,
2009). Circulating blood-derived EV cannot pass through the glo-
merular filtration membrane in physiological conditions, since EV are
larger than the effective pore size of the glomerular wall (< 10 nm).

The term “liquid biopsy” has attracted considerable interest in on-
cology (Siravegna et al., 2017). It describes the possibility of probing
the molecular landscape of cancer via a blood draw by characterizing
circulating cell-free tumor DNA (ctDNA), tumor-derived RNA (such as
miRNAs) and/or circulating tumor cells (CTC). In addition to blood,
urine has been shown to contain tumor-derived genetic material
(Birkenkamp-Demtrdder et al., 2018; Christensen et al., 2017). ctDNA
detected in urine of patients with urogenital cancers originates pri-
marily from shedding of tumor cells or their breakdown products di-
rectly into the urinary tract (Casadio et al., 2013). However, renal
clearance of ctDNA from the blood results in transrenal DNA (tr-DNA)
and, for example, allows to identify KRAS and EGFR mutation in re-
spectively urine from colon cancer patients and lung cancer patients
(Botezatu et al., 2000; Reckamp et al., 2016). In urological tumors,
ctDNA can be shed into both the blood and urine (Birkenkamp-
Demtroder et al., 2016). Some studies demonstrated concordance be-
tween plasma and urinary ctDNA alterations (Utting et al., 2002), while
others showed they could provide complementary information
(Birkenkamp-Demtroder et al., 2016). Additional concordance studies
on matched urinary and plasma ctDNA samples will be necessary to
investigate to what extent they give additional information.

Despite the high concentration of RNA-hydrolysing enzymes in
urine, mRNA and small and long non-coding RNAs are preserved in
urine. This is most likely because of binding to the argonaute-2 protein
or their presence within EV (Berrondo et al., 2016; Hendriks et al.,
2016; Motamedinia et al., 2016; Nilsson et al., 2009; Sole et al., 2015).
Liquid biopsies of urine in disease surveillance could be a preferable
choice compared to other body fluids as this approach is truly non-
invasive and can be performed at home by the patients themselves
(Siravegna et al., 2017).

2. Biomarkers in urological oncology

The ideal biomarker improves clinical decision making in conjunc-
tion with clinicopathological parameters. It has a highly reproducible
and robust detection method that is both sensitive and specific and has
high positive and negative predictive values (PPV, NPV). It should be
obtained in a non-invasive way from an easily accessible body fluid
(Atkinson et al., 2001). Diagnostic biomarkers detect or confirm the
presence of a medical condition, while prognostic biomarkers are used
to identify the likelihood of a clinical event, disease recurrence or
progression in patients with the condition of interest. Prognostic bio-
markers are distinguished from predictive biomarkers, which are used
to identify patients who experience a favorable or unfavorable response
to a particular treatment (FDA-NIH Biomarker Working Group, 2016).

Urine is exposed to cells from the renal system and urothelium
lining the renal pelvis, ureters, bladder, and urethra. In addition, pro-
static secretions are expelled into the urine through the prostatic ducts.
It also contains cells that have been shed. Urine can thus contain a
variety of molecular markers for malignancy. Intensive research over
the past couple of years has identified many promising urological
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cancer biomarkers. Nonetheless, only a few commercially available
tests have reached clinical practice and several limitations hinder their
widespread use (Table 1).

2.1. Prostate cancer

Prostate cancer (PC) is a major health issue in men. In developed
countries, it remains the most commonly diagnosed male malignancy
and the third leading cause of cancer-related mortality (Ferlay et al.,
2015; Siegel et al., 2017). An important clinical problem in PC is the
inability of current diagnostic tests to discriminate between indolent
and aggressive cancers (Welch and Black, 2010). Measuring serum
prostate-specific antigen (PSA) has limitations, including low PC spe-
cificity (Thompson et al., 2004). This leads to overdiagnosis and over-
treatment of PC (Carter, 2004). Therefore, the search for better diag-
nostic and prognostic biomarkers is an important research objective in
PC.

2.1.1. PCA3

Prostate cancer antigen 3 (PCA3) is a prostate-specific long non-
coding (Inc)RNA. PCA3 is strongly overexpressed in PC compared to
normal prostate tissue and benign prostatic hyperplasia (BPH)
(Bussemakers et al., 1999). The Progensa PCA3 test (Hologic, Marlbor-
ough, MA, USA) measures urinary PCA3 IncRNA, which is normalized
with urinary PSA mRNA (PCA3 score). In contrast to serum PSA, the
PCAS3 score is independent of prostate volume (Deras et al., 2008), has a
higher specificity and has a better PPV and NPV, although its sensitivity
is lower. The sensitivity of PCA3 varies according to the PCA3 score cut-
off value (Luo et al., 2014; Vlaeminck-Guillem et al., 2010). The PCA3
test has been U.S. Food & Drug Administration (FDA)-approved for men
50 years of age or older with a previous negative biopsy to assist in
decision-making regarding repeat biopsies (Haese et al., 2008), but its
clinical utility and cost-effectiveness for this purpose have not been
confirmed (Calonge, 2014; Nicholson et al., 2015).

2.1.2. Mi-Prostate score (MiPS)

The TMPRSS2-ERG fusion gene comprises the androgen-responsive
genes TMPRSS2 (transmembrane protease, serine 2) and ERG (ETS-re-
lated gene) and is observed in 40-80% of prostate cancers (Tomlins
et al., 2005). TMPRSS2-ERG transcripts are detected in urine of clini-
cally localized PC patients after digital rectal examination (DRE)
(Laxman et al., 2006), which is associated with a high specificity and
PPV, but a low sensitivity for detection of PC (Hessels and Schalken,
2013). The TMPRSS2-ERG score (urine TMPRSS2-ERG mRNA normal-
ized to urine PSA mRNA) is not yet approved as a PC biomarker to assist
in clinical decision making.

Considering PC heterogeneity, combining markers into a biomarker
panel might provide additional diagnostic and prognostic value. The
commercially available Mi-Prostate score (MiPS) (University of Michigan
MLabs, Ann Arbor, MI, USA) combines urinary levels of PCA3 and
TMPRSS2-ERG with serum PSA levels to generate a PC risk assessment
score (Leyten et al., 2014; Sanda et al., 2017). In two validation cohorts,
urinary TMPRSS2-ERG and PCA3 scores improved the performance of
serum PSA for predicting (high-grade) PC, allowing for risk stratifica-
tion and avoiding unnecessary biopsies (Sanda et al., 2017; Tomlins
et al., 2016).

2.1.3. SelectMDx

Gene expression profiling on urinary sediments identified a three-
gene panel (HOXC6, TDRD1, and DLX1) showing higher accuracy to
predict high-grade PC (Gleason score =7) compared with PCA3 or
serum PSA (Leyten et al., 2015). Two of these urinary sediment bio-
markers (HOXC6 and DLX1) were incorporated into a multimodal
model with traditional clinical risk factors (age, serum PSA, PSA den-
sity, family history, DRE, history of negative prostate biopsies) to
identify patients with high-grade PC. The risk model, named SelectMDx
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(MDxHealth, Irvine, CA, USA), predicted Gleason score =7 PC with a
higher accuracy than the Prostate Cancer Prevention Trial risk calcu-
lator and PCA3. Therefore, SelectMDx might reduce the number of
unnecessary prostate biopsies (Van Neste et al., 2016). In addition, a
retrospective study showed promising results regarding the correlation
between the SelectMDx risk score and multiparametric MRI (mpMRI)
outcomes (Hendriks et al., 2017).

2.1.4. ExoDx Prostate IntelliScore

ExoDx Prostate IntelliScore uses the combination of EV-derived PCA3
IncRNA and ERG mRNA in first-catch urine samples for detection of
high-grade PC. It reached the market as the first commercially available
EV-derived urinary biomarker test (McKiernan et al., 2016) and will be
discussed more extensively in the part of the review devoted to EV-
derived biomarkers.

2.2. Bladder cancer

Bladder cancer (BC) is the ninth most frequent type of cancer and its
incidence among urological cancers is second to that of PC (Ferlay
et al., 2015; Siegel et al., 2017). Early diagnosis and treatment of non-
muscle-invasive BC improves prognosis, but because of a high recur-
rence rate, continuous surveillance of these patients is required. Posi-
tive voided urinary cytology can indicate urothelial cancer anywhere in
the urinary tract, but detection of BC ultimately depends on cystoscopic
evaluation of the bladder and histological examination of sampled
tissue. Driven by the low sensitivity of cytology for low-grade tumors
and the fact that cystoscopy remains an invasive examination, much
research is focused on finding better urine-based assays to assist in di-
agnosis and surveillance of BC. Despite the high clinical need, none of
these markers have been accepted for diagnosis or follow-up in routine
practice or clinical guidelines (Babjuk et al., 2017).

2.2.1. NMP-22

Nuclear matrix proteins (NMP) support nuclear shape and DNA
organization, and facilitate chromatin distribution to daughter cells
during mitosis (Berezney and Coffey, 1974; Pardoll et al., 1980). NMP-
22 is overexpressed in urothelial cancers and released into the urine
following tumor cell apoptosis (Keesee et al., 1996). Patients with BC
have an elevated concentration of urinary NMP-22 compared to healthy
persons (Carpinito et al., 1996). The NMP-22 BC test kit (Matritech,
Newton, MA) is a quantitative ELISA test indicating the precise con-
centration of antigen in a urine sample. BC detection is based on the
appropriate diagnostic cut-off value. The NMP-22 BladderChek (Alere,
Waltham, MA, USA) is a qualitative point of care (POC) test performed
at the time and place of patient care, providing a simple positive or
negative result. Both are FDA-approved for monitoring disease recur-
rence following treatment, while the NMP-22 BladderChek Test is also
approved for BC diagnosis in symptomatic or at risk patients.

Of concern with the NMP-22 tests is the inconsistency of their per-
formance characteristics in detecting BC (Chou et al., 2015). Since
NMP-22 is released from apoptotic cells, many benign urological con-
ditions can cause false-positive test results (Table 1).

2.2.2. BTA

The bladder tumor antigen (BTA) test (Polymedco, Cortlandt Manor,
NY, USA) detects human complement factor H-related protein (hCFHrp)
in voided urine specimens. This protein is produced by BC cells and may
confer a selective growth advantage to cancer cells by decreasing
complement activity, thus preventing lysis by immune surveillance
(Kinders et al., 1998). BTA stat, a qualitative POC test, and BTA TRAK, a
quantitative ELISA test, have both been FDA approved as adjunct to
cystoscopy.

Sensitivity of BTA is superior to that of urinary cytology, but spe-
cificity and AUC (area under the curve) are lower (Guo et al., 2014).
Because hCFHrp is present in blood, BTA testing will be positive when
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hematuria is present, regardless of the presence of BC (Liidecke et al.,
2012) (Table 1).

2.2.3. Urovysion

UroVysion (Abbott Molecular, Des Plaines, IL, USA) is a multicolor
FISH (fluorescence in situ hybridization) assay that identifies common
BC-associated chromosomal alterations in exfoliated cells. (Halling
et al., 2000; Sandberg and Berger, 1994). It is FDA-approved for BC
detection in hematuria patients (as adjunct to standard procedures) and
surveillance.

UroVysion has a higher sensitivity compared to urinary cytology, but
different urological conditions and technical aspects might confound
the results leading to a lower specificity (Table 1).

2.2.4. ImmunoCyt/uCyt+

The ImmunoCyt/uCyt+ test (Scimedex, Denville, NJ, USA) is an im-
munocytological assay identifying a high-molecular weight form of
carcinoembryonic antigen and two mucoproteins in exfoliated ur-
othelial cells in urine (Fradet and Lockhard, 1997; Mian et al., 1999).
The test is FDA-approved for BC surveillance, as an adjunct to cysto-
scopy.

Immunocyt/uCyt+ improves sensitivity over urinary cytology,
especially in low-grade BC, while specificity is lower. Sensitivity im-
proves through combination of Immunocyt/uCyt+ and cytology without
a significant decrease in specificity (Mian et al., 1999; Pfister et al.,
2003; Tétu et al., 2005). In a large meta-analysis, Immunocyt/uCyt+
showed the highest sensitivity in BC detection and surveillance com-
pared to other urinary biomarkers (Chou et al., 2015).

False positives are common in benign conditions of the urinary tract
and the test is hampered by interobserver variability and technical
limitations (Beiche et al., 2002) (Table 1).

2.2.5. UBC test

The expression pattern of cytokeratins (CK) is largely specific to
particular tissue epithelia and overexpression of certain CK is associated
with BC (Moll et al., 1982). The UBC-ELISA and UBC-Rapid tests (IDL
Biotech, Bromma, SWE) detect CK 8 and 18 fragments in urine. UBC-
Rapid is a qualitative POC assay (Sanchez-Carbayo et al., 1999a,b),
which can also be quantitatively analyzed using a photometric reader
(Ritter et al., 2014).

UBC generally has a low sensitivity and comparisons with other
biomarkers are not in favor of UBC testing (Babjuk et al., 2002;
Schroeder et al., 2004). False positives are observed in patients with
benign urinary tract disorders and other urological malignancies
(Sanchez-Carbayo et al., 1999a,b).

2.2.6. CxBladder

Cxbladder (PacificEdge, Dunedin, NZL) quantifies 4 mRNAs with
overexpression in BC compared with normal urothelium and low ex-
pression in blood and inflammatory cells: cyclin-dependent kinase 1
(CDK1), homeobox A13 (HOXA13), midkine (MDK), and insulin-like
growth factor-binding protein 5 (IGFBP5). Another mRNA - chemokine
receptor 2 (CXCR2) - is highly expressed in neutrophils and is included
in the test to reduce false-positive results due to nonmalignant acute
and chronic inflammatory conditions (Holyoake et al., 2008; O’Sullivan
et al., 2012).

In the detection setting, Cxbladder has a higher sensitivity compared
to that of cytology and NMP-22 (O’Sullivan et al., 2012). In patients
undergoing surveillance for BC, sensitivity and NPV are superior com-
pared to cytology, NMP-22 and Urovysion (Lotan et al., 2017). These
results have yet to undergo independent validation in larger studies.

2.3. Renal cell carcinoma

Renal cell carcinoma (RCC) is the most common type of kidney
cancer in adults (Siegel et al., 2017). Early diagnosis of small renal
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tumors leads to better treatment outcomes, but the absence of symp-
toms characterizing early stages of RCC makes its detection a challen-
ging problem (Ljungberg et al., 2015). RCC comprises a broad spectrum
of histopathological entities differing in prognosis and subsequent re-
sponse to therapy (Moch et al., 2016). Imaging studies may not always
accurately distinguish benign kidney tumors from malignant ones
(Choudhary et al., 2009; Hindman et al., 2012), whereas kidney biopsy
is an invasive investigation associated with certain complications
(Marconi et al., 2016). Reliable biomarkers facilitating early detection
of kidney tumors and differential diagnosis of their subtypes are
therefore warranted. So far, no commercial urinary RCC biomarker has
reached the market.

3. EV-derived biomarkers in urological cancers

Extracellular vesicles (EV) encompass a heterogeneous group of
bilayer membrane vesicles that are released by all human cell types
(Yanez-Mo et al., 2015). Two biologically distinct classes of EV are
actively shed by living cells: exosomes that derive from fusion of mul-
tivesicular bodies with the plasma membrane and have a size of 50-200
nanometer (nm), and microvesicles/ectosomes that bud directly from
the plasma membrane and have sizes of 50-1000 nm. An elaborate
discussion of the biogenesis and characteristics of EV subtypes will not
be included here as this has been published previously (Raposo and
Stoorvogel, 2013).

EV play a role in intercellular communication by shuttling func-
tional proteins and nucleic acids between cells (Dhondt et al., 2016;
Tkach and Théry, 2016). Several aspects make them appealing from a
biomarker perspective. EV can be found in all body fluids, including
blood, urine, saliva and sweat, which makes them compatible with non-
or minimally invasive liquid biopsies (Minciacchi et al., 2017; Perakis
and Speicher, 2017). Their cargo is a spatiotemporal fingerprint of the
cell of origin, reflecting pathophysiological processes within the source
tissue. Moreover, not only protein, but also nucleic acid, lipid and
metabolite composition of EV can be used to discriminate normal from
diseased state, offering multiple options for biomarker detection within
the same entity (Table 2).

Despite intensive research, no urinary biomarkers with sufficient
clinical utility are yet available to guide decision-making in urological
oncology. EV-derived biomarkers could potentially improve on current
limitations (Sheridan, 2016). Differential protein, RNA and lipid ex-
pression are represented in urinary EV of prostate, bladder and renal
cancer patients (Table 2).

3.1. Prostate cancer

Urine and prostatic fluids are enriched in prostate-derived EV and
provide a potential source for biomarker discovery in PC. Prostatic
fluids are collected in first void urine after DRE and prostate massage
(Drake and Kislinger, 2014; Principe et al., 2013). EV-associated
transmembrane proteins CD9 and CD63 are enriched in urine from PC
patients, collected post-DRE and after correction for urinary PSA
(Duijvesz et al., 2015).

Several studies have investigated the proteomic cargo of urinary PC-
derived EV. 8-Catenin, which is significantly overexpressed in PC, was
identified in EV isolated from urine of PC patients (Lu et al., 2009). The
presence of prostate markers PSA and PSMA, and the cancer-associated
antigen 5T4, which is a non-soluble molecule within biological fluids,
has also been demonstrated in urinary EV (Mitchell et al., 2009). In-
tegrin a3 and integrin 31, adhesion proteins involved in cellular inva-
sion, were found at increased levels in urinary EV of patients with
metastatic PC, compared to patients with BPH or localized PC
(Bijnsdorp et al., 2013). Several proteins and protein-combination pa-
nels were identified as urinary EV-derived biomarkers by mass spec-
trometry proteome analysis (Fujita et al., 2017; @verbye et al., 2015),
while other studies validated previously identified EV biomarkers using
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targeted proteomics and immuno-assays (Sequeiros et al., 2017; Wang
et al.,, 2017) (Table 2). This approach demonstrated differential en-
richment of protein biomarker candidates in urinary EV compared to
plasma-derived EV (Welton et al., 2016). Glycan profiling of urinary EV
derived from prostatic secretions indicated that changes in glycosyla-
tion of N-linked glycoproteins, such as an increase in larger tetra-an-
tennary glycans, might reflect the clinical status of PC, but no conclu-
sions could be drawn for these limited pilot analyses on pooled samples
(Nyalwidhe et al., 2013).

The majority of transcriptomic changes in urinary EV encompass the
differential expression of known PC-markers (TMPRSS2-)ERG and
PCA3, with varying clinical usefulness and diagnostic value (Dijkstra
et al., 2014; Donovan et al., 2015; Hendriks et al., 2016; Motamedinia
et al., 2016; Nilsson et al., 2009; Pellegrini et al., 2017). EV-derived
PCA3 IncRNA and ERG mRNA levels in non-DRE urine samples de-
monstrated good clinical performance in predicting biopsy result for
high-grade PC (Donovan et al., 2015). Based on these findings, the
ExoDx Prostate Intelliscore (Exosome Diagnostics, Cambridge, MA, USA),
a risk score to estimate initial prostate biopsy outcome, was developed.
It combines urinary EV-derived PCA3 IncRNA and ERG mRNA levels,
normalized to SPDEF (SAM pointed domain-containing ETS transcrip-
tion factor) mRNA, with clinical risk factors (serum PSA, age, race, and
family history). In a large validation study, it was associated with im-
proved discrimination between high-grade and low-grade and benign
disease compared with the standard of care (McKiernan et al., 2016).

CDH3 (P-Cadherin), which possibly exerts a tumor suppressive
function, showed reduced levels in PC urinary EV. In coherence with
this observation, CDH3 mRNA expression was significantly decreased in
tissue from patients with PC compared to BPH (Royo et al., 2016b).
Splice variant transcripts of the AGR2 gene were also identified as
potential diagnostic biomarkers (Neeb et al., 2014).

Other studies have evaluated urinary EV-derived non-coding RNA in
PC. Levels of long intergenic non-coding (linc)RNA-p21, a suppressor of
p53 signaling, in urinary EV may help to distinguish PC from benign
disease (Isin et al., 2015). Several EV-derived miRNAs and miRNA-pa-
nels demonstrated potential diagnostic value as urinary biomarkers in
PC (Bryzgunova et al., 2016; Rodriguez et al., 2017; Samsonov et al.,
2016; Wani et al., 2017). In addition, urinary EV are enriched in dif-
ferent miRNA biomarker candidates compared to serum-derived EV (Xu
et al.,, 2017) and urinary pellets (Foj et al., 2017). Next generation se-
quencing also revealed the possible utility of miRNA isoforms (isomiRs)
as PC biomarkers (Koppers-Lalic et al., 2016).

Analysis of the lipid composition of EV shows potential for bio-
marker development in PC. Several lipid classes, such as diacylglycerol
(DAG) and triacylglycerol (TAG) species, are differentially enriched in
urinary EV from PC patients and healthy controls, demonstrating pos-
sible diagnostic utility (Skotland et al., 2017; J.S. Yang et al., 2017).

Analysis of small molecule metabolites can potentially reveal dy-
namic changes in the metabolism downstream of genetic and proteomic
regulation. Metabolomic profiling of urinary EV has proven to be fea-
sible and might identify disease profiles not revealed by conventional
analysis of the original urine samples. For example, levels of adenosine,
glucuronate, isobutyryl-i-carnitine and p-ribose 5-phosphate were sig-
nificantly lower in pre-prostatectomy urine samples as compared to
post-prostatectomy and control samples (Puhka et al., 2017).

3.2. Bladder cancer

Urine is an excellent biological fluid for biomarker discovery in BC,
since it has been in direct contact with tumor cells lining the bladder
wall. Consequently, BC-derived EV are released directly into the urine.
The concentration of CD63-positive urinary EV is significantly elevated
in BC patients compared to healthy controls, demonstrating the concept
of using the EV concentration as a biomarker for disease (L.G. Liang
et al., 2017).

Various studies have characterized the proteomic profile of urinary
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EV of BC patients and identified possible biomarkers for BC. Of interest
is that the proportion of identified proteins common to each study is
limited (Chen et al., 2012; Smalley et al., 2008; Welton et al., 2010).
Based on proteomic analysis of urinary EV, a strong association be-
tween levels of tumor-associated calcium-signal transducer 2
(TACSTD2) and BC was shown (Chen et al., 2012). Another study
identified urinary EV-derived alpha 1-antitrypsin and histone H2B1K as
diagnostic and prognostic biomarkers for BC. Verification by im-
munohistochemistry revealed significantly higher expression of these
markers in BC tissues than in normal tissues (Lin et al., 2016). EV se-
creted by bladder cancer facilitate tumor progression by enhancing
endothelial and urothelial cell angiogenesis and migration. This might
be mediated through delivery of EGF-like repeat and discoidin I-like
domain-containing protein-3 (EDIL-3), an angiogenic and cancer-asso-
ciated integrin ligand, which was found at elevated levels in urinary EV
from patients with BC compared to those from healthy controls
(Beckham et al., 2014). Muscle-invasive BC might transfer periostin in
an EV-mediated paracrine manner to promote disease progression.
Treating low grade BC cells with periostin-rich EV increases cell ag-
gressiveness, while periostin suppression reverses these effects. Positive
immunohistochemical staining of muscle-invasive BC is also correlated
with worse prognosis. BC patient urinary EV were found to have
markedly higher levels of periostin than controls. Following tumor re-
section, urinary EV periostin levels became indistinguishable from
healthy controls (Silvers et al., 2016). Additionally, several proteins
that have been identified in EV derived from the MIBC cell line TCCSUP
are enriched in urinary EV from (N)MIBC patients compared to healthy
controls (Silvers et al., 2017).

Using a whole transcriptome array, followed by PCR validation,
differential gene expression in urinary EV from patients with BC and
healthy subjects was analyzed. LASS2 and GALNT1, encoding proteins
involved in BC progression, were found exclusively in urinary EV from
BC patients, whereas ARHGEF39 and FOXO3, associated with tumor
suppression, were only present in controls (Perez et al., 2014). Different
studies have focused on diagnostic and prognostic miRNA biomarker
discovery in BC (Andreu et al., 2017; Baumgart et al., 2017; Matsuzaki
et al., 2017). Interestingly, microRNA profiling from matched samples
in BC patients demonstrated that a significant number of upregulated
microRNAs in BC tissue are identifiable in urinary EV of the same pa-
tient, but not in plasma EV (Armstrong et al., 2015). Some extracellular
miRNAs with significantly higher levels in urine from BC patients
compared to healthy controls, are enriched within urinary EVs, while
others are enriched in EV-depleted urine (De Long et al., 2015). Urinary
EV may also contain IncRNA for biomarker discovery. HOTAIR, shown
to facilitate tumor initiation and progression, and other tumor-asso-
ciated IncRNAs are enriched in aggressive BC cancer cell line EV and
urinary EV from patients with high-grade muscle-invasive BC (Berrondo
et al., 2016).

3.3. Kidney cancer

Few studies have investigated the role of urinary EV as biomarkers
in RCC. Proteomic analysis of urinary EV from RCC patients and healthy
controls demonstrated a reproducibly different protein enrichment be-
tween both. An RCC-specific signature of 10 up- or downregulated
proteins, derived from these differential proteomic profiles, was vali-
dated using immunoblotting (Raimondo et al., 2013). Transcriptome
analysis of urinary EV demonstrated a significant difference in mRNA
content in clear cell RCC (ccRCC) patients compared to healthy controls
and patients with other types of RCC. Decreased levels of EV-derived
GSTA1, CEBPA and PCBD1 mRNA levels were specific for ccRCC and
one month after treatment these levels returned back to the normal
level (De Palma et al., 2016).

MicroRNA expression screening showed that EV-derived miRNA
combinations could differentiate ccRCC patients from healthy controls
and patients with benign lesions (Butz et al., 2016). Characterization of
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the lipidome of urinary EV demonstrated a differential lipid composi-
tion between RCC patients and healthy subjects, suggesting a re-
lationship between lipid composition of urinary EV and RCC (Del
Boccio et al., 2012).

4. EV-derived biomarkers in clinical practice

Urinary EV represent a valuable material for medical diagnostics.
Conventional methods for EV purification, such as differential cen-
trifugation, ultrafiltration and precipitation, provide material of highly
variable quality (Alvarez et al., 2012; Lozano-Ramos et al., 2015;
Paolini et al., 2016; Van Deun et al., 2014; Vergauwen et al., 2017).
Consequently, there is a clear interest for high-throughput or auto-
matable EV purification methods for easy and reproducible EV isolation
in a clinical setting.

Promising technologies include biophysical separation such as size-
based exclusion chromatography and nanofiltration, and immune affi-
nity adsorption using protein-based antigens or lectin immunoassays.
Automated sample preparation in different steps of the isolation pro-
cedure must be considered to increase reproducibility. Some ap-
proaches already validated with other biological samples could be ea-
sily adapted (reviewed in Popovi¢ and de Marco, 2017), while other
specific applications have been developed starting from urine samples.
EV purity has often been sacrificed to achieve affordable sample ana-
lysis in real clinical setting. For instance, nanomembrane concentrators
have been evaluated positively for clinical diagnostics because they
enabled rapid EV isolation and the detection of the podocalyxin bio-
marker in minimal volume urine samples from patients with chronic
kidney diseases and abundant proteinuria (Cheruvanky et al., 2007).
Collector devices provided with detachable filter tips suitable for being
operated by low-speed centrifugation in 96-well microplates have been
proposed (Murakami et al., 2014). In another case, size-exclusion
chromatography of pre-concentrated urine produced EV fractions with
enough material for accurate downstream analysis of the EV content
(Lozano-Ramos et al., 2015). Although the available characterization
data are not sufficient to evaluate the output quality, the obtained
material enables repeatable diagnostic analysis. Affinity purification
methodologies aim at separating EV sub-populations by exploiting se-
lective biomarkers with the objective of analyzing their differential
content (Popovi¢ and de Marco, 2017). There are interesting applica-
tions in the case of urinary EV. Podocyte-specific EV have been im-
mune-captured by using beads coated with anti-CR1 antibodies
(Prunotto et al., 2013), EV containing aquaporin-2 were selectively
recovered using anti-CD9 antibodies (Salih et al., 2016), CD133* EV
were isolated by magnetic cell sorting (Dimuccio et al., 2014), di-
peptidyl peptidase-IV-positive EV were captured by means of the
monoclonal antibody AD-1 (Sun et al., 2012), and preliminary data
show the possibility to use lectins and lateral flow immunoassay to
recover highly homogeneous EV fractions (Echevarria et al., 2014;
Oliveira-Rodriguez et al., 2016). The identification of proteins from
glomerular, tubular, prostate, and bladder cells in urinary EV (Salih
et al., 2014) suggests that it will be possible to identify specific bio-
markers for selective immunopurification of EV subpopulations origi-
nating from different cell types.

Microfluidics may revolutionize the field for higher-throughput EV
recovery and analysis. Current technologies require prior EV purifica-
tion procedures followed by subsequent EV quantification and mole-
cular analysis. This is impractical for clinical use, since relatively large
sample volumes are required and conventional methods are labor-in-
tensive, time consuming and low-throughput. Microfluidic approaches
based on immunoaffinity (Chen et al., 2010) and immunomagnetic
bead based separation (Zhao et al., 2016), membrane based filtration
(Cho et al., 2016; Rho et al., 2013), nanowire trapping (Wang et al.,
2013; Yasui et al., 2017), acoustic nanofiltration (Lee et al., 2015),
deterministic lateral displacement (Wunsch et al., 2016) and viscoe-
lastic flow sorting (Liu et al., 2017) have successfully demonstrated the
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isolation of EV. Microfluidic chip-based technologies, capable of in-
tegrated EV isolation and analysis, have significantly lowered the limit
of detection, sample consumption and analysis time (Table 3), facil-
itating the realization of EV-based diagnostics in clinical settings. Op-
tical sensing methods have been efficiently implemented in microfluidic
devices for on-chip fluorescence, colorimetry and surface plasmon re-
sonance (SPR) based EV analysis. SPR is the resonant oscillation of
conduction electrons at the surface of a metal-dielectric interface when
illuminated by polarized light. An SPR sensor monitors binding events
of biomolecules at the sensor surface, which cause a change in the local
refractive index linear to the number of molecules bound to the sensor
surface (Brolo, 2012). For label-free, high-throughput profiling of im-
mune-immobilized EV, the nano-plasmonic exosome (nPLEX) sensor,
which uses transmission SPR through periodic nanohole arrays to de-
tect specific EV populations, was developed (Im et al., 2014). The
nPLEX sensor has been successfully applied to determine a diagnostic
EV protein signature from pancreatic cancer patients (K.S. Yang et al.,
2017). Similarly, several other integrated microfluidic devices com-
bining immunoaffinity and SPR-based sensing have been developed for
selective screening of tumor-derived EV (K. Liang et al., 2017; Sina
et al., 2016). If effectively miniaturized, optical methods with single
biomolecule sensitivity, such as surface enhanced Raman spectroscopy
(SERS), could have the potential for on chip, high-throughput screening
of all major clinically relevant properties of single EV in biological
fluids (Stremersch et al., 2016). High-resolution flow cytometry in-
struments are under development as powerful tools for enumeration,
sizing and molecular profiling of single EV (Stoner et al., 2016). In
addition, a single EV analysis (SEA) technique capable of multiplexed
measurement of protein biomarker expression on individual EV was
recently described. EV are immobilized on the surface of a microfluidic
chip, immunostained and imaged by microscopy. After imaging,
fluorochromes are quenched for subsequent staining and imaging cy-
cles, followed by multi-dimensional data analysis (Lee et al., 2018).

Non-optical sensing methods that have been successfully im-
plemented on chip include miniaturized nuclear magnetic resonance
(UNMR), electrochemical detection and RT-qPCR. A microfluidic system
incorporating UNMR allowed detection of GBM (glioblastoma multi-
forme) EV labeled with target-specific magnetic nanoparticles (Shao
et al., 2012). The integrated magnetic-electrochemical exosome (iMEX)
sensor was used to immunomagnetically capture and profile plasma EV
from ovarian cancer patients using chronoamperometry (Jeong et al.,
2016). The same technique was used to monitor kidney transplant re-
jection by detecting EV released by immune cells into urine (Park et al.,
2017). Immuno-magnetic exosome RNA (iMER) analysis was developed
as a microfluidic platform integrating on chip EV isolation, RNA ex-
traction and transcriptomic analysis by RT-qPCR. The iMER assay de-
monstrated diagnostic and drug resistance monitoring feasibility in
clinical samples from GBM patients (Shao et al., 2015a). Another novel
development, enabling more efficient and rapid extraction and analysis
of EV-derived RNA, consists of two serial microfluidic chips for EV lysis
using surface acoustic waves and RNA detection through an ion-ex-
change nanomembrane sensor (Taller et al., 2015).

Apart from the microfluidic technologies described above, an am-
plified luminescent proximity homogeneous assay (ExoScreen) was
developed, enabling detection of cancer-derived EV in liquid biopsies
from patients without a prior purification step. EV are immunocaptured
by two antibodies and detected by photosensitizer-beads (Yoshioka
et al., 2014).

5. Technical issues to consider for EV-based biomarker discovery

A consensus on standard operating procedures (SOP) for urine
sample selection, collection, preparation, storage and shipping is re-
quired to preserve urine composition and to improve biomarker dis-
covery and validation. Existing recommendations on bioanalytical
method evaluation might provide guidance for developing such
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protocols (Biopharmaceutic Coordinating Committee, 2013). In addi-
tion, precise coordination of sample processing SOP and clinical data
collection in (multisite) clinical biomarker trials is essential, requiring
well-trained study nurses, study coordinators and technicians.

The Human Kidney and Urine Proteome Project (HKUPP), asso-
ciated with the Human Proteome Organisation (HUPO) and Europrot,
has produced a tentative standard protocol for urine sample collection
and processing (EU COST action, 2012). However, since pre-analytical
variables in urine processing procedures — such as centrifugation steps,
addition of protease inhibitors or chemical stabilizers, and urine frac-
tionation strategies — significantly impact the content of urine, they
should be adjusted based on the analytes of interest and the clinical
question being addressed in the study (Harpole et al., 2016). Although
the potential impact of various pre-analytical factors during clinical
sample processing on EV studies is increasingly recognized, few have
been undertaken using urine (Vergauwen et al., 2017; Zhou et al.,
2006). A quality control study assessing the impact of multiple pre-
analytical factors including membrane filters for concentration, tem-
perature, storage, pre-clearance centrifugation steps taking into account
the integrity of EV studied by nanoparticle tracking analysis and elec-
tron microscopy amongst other complementary characterization
methods would allow for a complete standardization of the pre-analy-
tical steps. These pre-analytical variables, together with clinical and
patient data, should be adequately reported to increase transparency,
reproducibility and validation of identified EV-associated biomarkers
(Van Deun et al., 2017; Van Deun and Hendrix, 2017).

Our recent review of EV-related literature found 34 distinct EV
isolation protocols in 131 studies performed on urine, indicating a lack
of standardized protocols (Van Deun et al., 2017). EV are most com-
monly isolated from urine by differential ultracentrifugation for diag-
nostic biomarker discovery (Table 2). By extension, searching the EV-
TRACK knowledgebase (www.evtrack.org) (Van Deun et al., 2017) for
all experiments on urine revealed that it is the most frequently reported
isolation method to retrieve EV. Differential centrifugation isolates EV
based on their size and density by sequentially increasing the cen-
trifugal force to pellet cells and debris (< 1500g), large EV
(10,000-20,000g), and small EV (100,000-200,000g). Although well
established and commonly used, differential ultracentrifugation results
in clumping of EV (Linares et al., 2015), co-isolates non-EV components
such as protein aggregates and other contaminants (Gyorgy et al., 2011;
Rood et al., 2010; Tauro et al., 2012; Van Deun et al., 2014) and po-
tentially damages EV during the final ultracentrifugation step (Ismail
et al., 2013). In addition, this procedure results in a highly variable and
relatively low recovery of EV (Lamparski et al., 2002; Lane et al., 2015),
and rotor type, g-force and centrifugation times significantly influence
EV yield and purity, making study to study comparison difficult
(Cvjetkovic et al., 2014). Although efforts have been made to compare
the performance of EV isolation methods for urine (Royo et al., 2016a),
quality control studies comparing the performance of EV isolation
methods in combination with complementary characterization methods
such as particle analysis, protein analysis, contamination assessment
and electron microscopy are missing. Whenever EV are isolated, ade-
quate quality control experiments should be performed to assess the
true biomarker composition of the isolated EV sample. The most com-
monly analyzed EV-associated proteins in urine studies are TSG101,
CD9, ALIX and AQP2 (Van Deun et al., 2017). As for contaminants, the
analysis of Tamm-Horsfall protein (THP) should be considered, given
that polymers of this high abundance protein are easily co-isolated with
EV and can thus confound both proteomic analyses, by masking of low
abundance proteins (Hiemstra et al., 2011), and transcriptomic ana-
lyses, by pulling down nucleic acids (Wachalska et al., 2016). Besides
THP (ca. 10% of studies), other commonly assessed contaminants in
urine EV samples are albumin (8%) and cell organelle proteins (7%).
Using the EV-TRACK knowledgebase, we assessed the transparency in
reporting by analyzing EV-METRICs of articles reviewed in this manu-
script (Table 2 and Fig. 1). EV-METRICs are expressed as a percentage
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Fig. 1. Quality controls in EV urinary biomarker studies. Spider chart representing the percentage of urinary EV biomarker experiments (listed in Table 2) that adhere

to each of the respective EV-METRIC parameters.

of fulfilled components from a list of nine, which were argued by the
EV-TRACK consortium to be indispensable for unambiguous inter-
pretation and independent replication of EV experiments (Van Deun
et al., 2017). Almost one third (30%) of studies performed no char-
acterization at all of EV samples isolated from urine for biomarker
discovery (i.e. EV-METRIC of 0%). The implementation of a density
gradient to validate EV isolation from urine is barely reported (2/50
studies) and EV samples are poorly characterized by electron micro-
scopy (5/50 studies provide both wide-field and close-up EM image).

Finally, normalized analysis of extracellular vesicles is a pre-
requisite to allow patient-to-patient comparison of samples. Whether
the intrinsic inter- and intrasubject variability of urine (pH, osmolality,
bladder residency time, etc.) is also reflected in urinary EV is not clear.
It has been suggested that EV-associated protein in first and second
morning urine is largely similar (Zhou et al., 2006). One single-center
study found that the presence of urinary EV is higher in females than
males and decreases with age (Turco et al., 2016). Further in depth
studies of the variability of urinary EV in healthy subjects are scarce.
Indeed, rigorous analysis of the presence and composition of urinary EV
is hampered by variable physicochemical parameters, such as viscosity
and protein content that can affect EV isolation results (Momen-Heravi
et al., 2012; Royo et al., 2016a; Witwer et al., 2013). There are several
methods of normalization, including urine flow rate, urine volume,
urinary creatinine and protein concentration, particle numbers and EV-
enriched protein (CD9, ALIX) signal (Table 2) (Zhou et al., 2006). Al-
though some groups have established normalization strategies for
protein and metabolite analysis in urine, studies searching for optimal
normalization strategies of EV in urine are largely missing. Importantly,
only 20% of studies reviewed in this manuscript reported on the nor-
malization strategy (Table 2). Appropriate biological reference stan-
dards of EV are required to allow accurate normalization (Valkonen
et al., 2017).

6. Future perspectives & needs

Despite intensive research into the discovery of urinary biomarkers
facilitating early diagnosis, accurate prognosis and prediction of
therapy response in urological cancers, none of these markers has

reached widespread use. Their implementation into daily clinical
practice is hampered by a substantial degree of heterogeneity in per-
formance characteristics and uncertainty about their reliability, clinical
utility and cost-effectiveness, in addition to several technical limita-
tions. Clinically relevant biomarkers for urogenital cancers, validated
by multicenter prospective analysis, remain an unmet need.

EV biomarkers have the potential to overcome some of the limita-
tions posed by classic proteomic and transcriptomic biomarkers. The
field is however still in its infancy with the majority of published re-
search focusing on discovery in small, heterogeneous patient and con-
trol populations. In addition, no guidelines or standardized procedures
on biological sample processing, EV isolation, EV normalization and
study design exist in order to conduct reliable and reproducible EV
biomarker research (cfr. technical analysis). Also, the implementation
of EV-based biomarkers will only be realized if test results can be re-
turned to the clinician without delay. Classic EV isolation techniques
limit their potential and the development of sensitive, selective and
extensively validated capture platforms directed towards specific EV
subpopulations are necessary before urinary EV biomarkers can enter
routine clinical use.

Efforts to map the proteomic, genomic, transcriptomic, lipidomic
and metabolomic content of urinary EV, isolated from prospectively
collected clinical samples, using unbiased and unsupervised high-
throughput discovery approaches will generate new candidate bio-
markers with potential clinical value. Considering that their use to date
remains mainly exploratory, the establishment of benchmark standards,
assay optimization for clinical conditions and demonstration of analy-
tical (technical sensitivity, technical specificity, robustness and limits of
detection) and clinical validity (clinical sensitivity, clinical specificity,
PPV and NPV) of biomarker assays are required to expand the clinical
utility of high-throughput omics-based methods.
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