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Liquid biopsy refers to the sampling and molecular analysis of the biofluids of circulating tumor cells, extracellular vesicles, nucleic
acids, and so forth. Exosomes are small extracellular vesicles with sizes between 30-150 nm. They are secreted by multivesicular
bodies through exocytosis in live cells and can participate in intercellular communication due to their contents, including nucleic
acids, proteins, and lipids. Herein, we investigate publication frequencies on exosomes over the past 10 years, and review recent
clinical studies on liquid biopsy of exosomes in the fields of oncology, pregnancy disorders, cardiovascular diseases, and organ

transplantation. We also describe the advantages of exosomes as an effective liquid biopsy tool and the progression of exosome
extraction methods. Finally, we depict the commercial development of exosome research and discuss the future role of exosomes

in liquid biopsy.
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INTRODUCTION

Exosomes, which are small extracellular vesicles with sizes
between 30-150nm, are a subtype of extracellular vesicles
(EVs), which are secreted by all cell types and are responsible for
intercell communication." The International Society for Extra-
cellular Vesicles (ISEV) recommends using “EVs” instead of
exosomes or microvesicles and gives terms for EV subtypes
based on the physical properties.? We quoted the original
statement out of respect for their research. However, most
articles cited in this review did not clarify the definition clearly
and were only capable of enriching rather than purifying
exosomes with current methods. Exosomes were originally
described to be released from sheep reticulocytes.® With the
large number of studies that followed, exosomes were found to
exist in almost all body fluids, primarily blood,* urine’
cerebrospinal fluid,® saliva,” pleural effusion® ascites fluid,’
amniotic fluid,'® breast milk,'" and bronchoalveolar lavage fluid
(BALF).'? Exosomes, originating from the endosomal pathway via
the formation of late endosomes or multivesicular bodies,’
enclose a variable spectrum of molecules characterized by
parent cells, including nucleic acids (DNA, mRNA, microRNA
(miRNA), IncRNA, circRNA, etc.), proteins, and lipids, which can be
transported over distances within the protection of a lipid
bilayer-enclosed structure.! Recently, a contradictory point was
raised in a study published in Cell that based on proteomic
profiles, double-stranded DNA and DNA-binding histones were
absent in exosomes or any other type of small EVs."* An
autophagy- and multivesicular endosome-related pathway was
the driver of extracellular DNA secretion instead of exosome-
dependent pathway.'> However, Yokoi et al.'* subsequently
confirmed the presence of double-stranded DNA in exosomes by
imaging flow cytometry and described how nuclear content
loaded into exosomes. Since the DNA detection methods applied
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in these studies are different, it is unclear whether genomic DNA
exists in exosomes, although we still recognize the value of the
studies on exosomal DNA (exoDNA).

Researchers around the world express great enthusiasm for
exosomes as biomarkers in liquid biopsy. Based on a PubMed
search in January 2020, we statistically analyzed the number of
publications regarding the diagnostic efficacy of exosomes in the
past 5 years with the MeSh Terms “exosomes” OR “small
extracellular vesicles” (microparticles and microvesicles are not
MeSh Terms in PubMed), “diagnosis” OR “biomarker”, “mutation”
OR “copy number” OR “DNA”, “RNA” (“mRNA”, “microRNA",
“IncRNA”, “circRNA”"), “protein”, and “liquid biopsy”. There were
88 relevant publications on DNA, 695 on RNA (including 74 about
mRNA, 534 about microRNA, 52 about IncRNA, 14 about circRNA),
and 824 on protein. Protein is the most-studied content of
exosomes, followed by miRNA. It attracted the greatest interest in
exosome research as a biomarker carrier for diagnosis over the
past 10 years, especially in 2018 (Fig. 1).

Simultaneously, exosomes play critical roles in various physio-
logical and pathological processes, including cancer, pregnancy
disorders, cardiovascular diseases, and immune responses.'® By
virtue of the exponential evolution of liquid biopsy in recent
decades, traditional solid biopsy shows considerably more
limitations. It is imperative to introduce liquid biopsy to clinical
practice to reduce invasive operations and promote more precise
medical intervention.'® Herein, we mainly introduce the advan-
tages of exosomes as liquid biopsy and their application as a
potential complement to personalized medicine in some common
malignant tumors, pregnancy disorders, cardiovascular diseases,
and organ transplantation (Fig. 2). Owing to the great prospects of
exosomes in clinical applications, a commercial chain of exosome
research-related technologies has been formed and is still under
development.
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years based on the PubMed search, January 2020
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Fig. 2 Biogenesis, secretion, composition, and application of exosomes as liquid biopsy. Exosomes, originating from the endosomal pathway
via the formation of late endosomes or multivesicular bodies, enclose a variable spectrum of molecules characterized by parent cells,
including nucleic acids (DNA, mRNA, miRNA, IncRNA, circRNA, etc.), proteins, and lipids, which shows great promise in clinical applications in
cancer, pregnancy disorders, cardiovascular diseases and organ transplantation

ADVANTAGES OF EXOSOMES IN LIQUID BIOPSY

Exosomes show significant superiority over other sources of liquid
biopsy. First, exosomes exist in almost all body fluids and possess
high stability encapsulated by lipid bilayers. Similar quality of
exosomal markers exists in samples stored at 4°C for 24 h and
then at —80°C, samples immediately stored at —80 °C and fresh
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urine samples.” And it is better to keep exosomes at 4 °C within
24 h but at —80 °C for long-term storage. Exosomes prefer to be
isolated in pH 7 solution rather than in acidic environments.'® The
high biological stability can reduce the cost of sample short-term
storage and the difficulty of transportation, which greatly
enhances the clinical applicability of exosomes. Second, exosomes
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are secreted by living cells and contain biological information
from the parental cells and be more representative than cell-free
DNA (cfDNA), which is secreted during necrosis or apoptosis.'
Third, exosome identification is clear and simple. Exosomes
express specific proteins such as CD63, ALIX, TS101, and
HSP70,%° which can be used as markers to effectively distinguish
exosomes from other vesicles, and their specific cup-shaped
characteristic makes them identifiable by electron microscopy.?'
Fourth, exosomes can present specific surface proteins from
parental cells®® and even target cells, which can realize the
isolation of origin-specific exosomes and predict organ-specific
metastasis.®> Fifth, exosomes show superiority to conventional
serum-based biomarkers, such as carcinoembryonic antigen, in
diagnostic accuracy.?* Sixth, compared with circulating tumor cells
(CTCs), exosomes are relatively convenient to obtain from almost
any body fluids. Additionally, there are many recognized classic
extraction methods, such as ultracentrifugation,®® and a consider-
able number of novel methods under development, for instance,
commercial isolation kits, indicating more feasibility for clinical
application than CTCs, while CTC collection is still tough and
complicated.?® In addition, with regard to cfDNA, most human
plasma cfDNA is located in exosomes,?” and the copy number of
mitochondrial DNA is higher in exosomes than in plasma or
peripheral blood from patients with advanced serous epithelial
ovarian cancer.?® Meanwhile, the detection sensitivity and
specificity of exoDNA mutation frequency are higher than those
of cfDNA?°~3" and exoDNA has shown greater prognostic value as
well?*32 Generally, despite the slightly more complicated DNA
extraction procedures, exosomal DNA possesses more abundant
biological information and higher accuracy for prognosis predic-
tion than cfDNA.

EXOSOMES IN TUMOR DIAGNOSIS, PROGNOSIS PREDICTION,
AND TREATMENT RESPONSE ASSESSMENT

At present, solid biopsy is still the gold standard for pathological
diagnosis and is mostly the basis for treatment of cancer.
However, solid biopsy is invasive, sometimes unable to perform,
and tumor heterogeneity is inevitable. Noninvasive liquid biopsy
shows great advantages for individualized and precise diagnosis
and treatment.'® Tumor-derived exosomes (TDEs) are critically
related to tumor progression, metastatic niche formation, and
immune evasion,® which indicates that TDEs may hold great
promise for cancer diagnosis, prognosis and treatment response
assessment.

Exosomes in early tumor diagnosis

Early screening and accurate diagnosis are undoubtedly the
primary issues for patients with tumors or precancerous lesions in
reducing mortality and increasing the recovery rate. In pancreatic
cancer, a high probability of KRAS mutation in circulating exoDNA
was found in the early-stage.?® Given that the elevated level of
GPC1*-circulating exosomes obviously occurred in patients with
pancreatic ductal carcinoma (PDAC)** and colorectal cancer
(CRC)*> compared to healthy controls, this could serve as an early
detection tool for tumors in the digestive system. A clinical trial
(NCT03032913) conducted by Etienne BUSCAIL completed the
recruitment of 20 PDAC patients and 20 noncancer patients,
whose blood samples were collected to detect CTCs and GPC1+
exosomes for diagnosis accuracy assessment and comparison.
Diverse forms of exosomal RNAs also promisingly take part in the
early diagnosis of cancers. A panel consisting of two mRNAs
(KRTAP5-4 and MAGEA3) and one IncRNA (BCAR4) was a
promising candidate for the CRC diagnosis.*® A database of
exosome-containing RNA (including 18,333 mRNAs, 15,501
IncRNAs, and 58,330 circRNAs) in human blood provided a
platform for further discovery and clinical application of circulating
exosomal biomarkers>” In lung cancer, detection of exosome-
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based EGFR T790M has shown great potential for clinical diagnosis
to avoid unnecessary tumor biopsies in non-small cell lung cancer
(NSCLC).3® Multiple proteins in exosomes exert powerful efficacy
in distinguishing cancerous and noncancerous patients. By using
an EV array containing 49 antibodies that could capture and
detect exosomes in plasma, Sandfeld-Paulsen et al.3° revealed that
CD151, CD171, and tetraspanin 8 were the most significant
molecules to separate patients with all histological lung cancer
from cancer-free individuals. Of note, based on the development
of mass spectrometry (MS) technology and proteome profiles,
thousands of proteins can be captured from one sample of micro
quantity. Chen et al.*® used MS to compare breast cancer (BC)
patient-derived exosomes with those of noncancer patients and
identified 144 distinctly elevated exosome phosphorylated
proteins. Subsequently, they utilized MS and parallel reaction
monitoring techniques to validate four of them: PKG1, RALGAPA2,
NFX1, and TJP2. In further study and clinical application of liquid
biopsy, the combination of various contents of exosomes as
biomarkers can provide a more effective guarantee for the
accuracy of cancer diagnosis and prognosis.*™*? The studies
described above primarily focused on peripheral blood-derived
exosomes, while as common malignant tumors, urinary system-
and genitourinary tract-related cancers are preferentially detected
through urine-based testing.”* In renal cell carcinoma, after MS
profiling and a literature search, Raimondo et al.** selected ten
proteins as a panel to distinguish cancer and healthy control.
Furthermore, multiple miRNAs carried by exosomes, such as miR-
21-5p,***® miR-4454 and miR-720/3007a, were elevated in bladder
cancer patient urine,*® which could potentially serve as early
diagnosis biomarkers for bladder cancer.

Exosomes in tumor prognosis prediction
With longitudinal monitoring in the treatment course of patients
with metastatic PDAC by plasma-based exoDNA detection,
Bernard et al.>? indicated that KRAS mutation detected at baseline
by digital droplet PCR (ddPCR) and a mutation frequency above
5% indicated poor clinical outcome. In another study, exosomal
KRAS mutations were proven to be better than CA 19-9 levels for
the prognostic surveillance of patients with PDAC.?° Keklikoglou
et al.*’ revealed why cytotoxic chemotherapy promotes metas-
tasis in BC. They found that annexin A6-enriched exosomes were
largely secreted after cytotoxic chemotherapy and transferred to
endothelial cells (ECs) in the lung, thus inducing a premetastatic
niche to lay the foundation of lung metastasis. Exosome-
associated Annexin II*® and L-plastin®® also play a vital role in
metastasis and can be potential candidates for the prognosis of
advanced BC. In lung cancer, FLI1 exonic circular RNAs was
identified as a novel carcinogenic driver contributing to the
metastasis of small cell lung cancer (SCLC), which can be a
potential biomarker for the prognosis and surveillance of SCLC.>°
In prostate cancer, based on the MS proteomic profile, Bijnsdorp
et al>' revealed that urine-derived exosomal ITGA3 and ITGB1
were upregulated in metastatic patients compared with those
with benign tumors and early-stage cancer. Recently, it was
revealed that circulating exosomal PD-L1, but not soluble PD-L1,
was associated with tumor progression in head and neck cancer®
and NSCLC.>® Simultaneously, serum-based exosomal PD-L1
possessed the ability to predict unfavorable prognosis in PDAC.>*
Liver metastasis of colorectal cancer is still a major problem that
needs to be overcome. Multiple works have been conducted to
determine the mechanism of liver metastasis, including the
exosome-mediated hypothesis. Teng et al.>> demonstrated that
miR-193a, a tumor suppressor miRNA, was selectively sorted into
TDEs by major vault protein, which led to higher expression of
oncogenic MmiRNAs in the tumor cells and promoted colon cancer
progression. Overexpression of miR-193a in circulating exosomes
can be a promising biomarker for the liver metastasis in colon
cancer. Zeng et al.*® illustrated that TDE miR-25-3p regulated the
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Fig.3 Exosomes in liver metastasis of colorectal cancer. Stromal cell-derived exosomes can carry bioactive molecules (e.g., miR-92a-3p) to CRC
cells and enhance epithelial-mesenchymal transition and cell stemness to promote liver metastasis. Many other miRNAs (e.g., miR-193a, miR-
21, miR-25-3p, miR-18a, miR-17-5p, miR-141-3p, miR-548c-5p, miR-375, and miR-6803-5p) encapsulated in exosomes from primary CRC cells,
which flow to the liver via blood circulation and lead to liver metastasis, can be candidates for prognosis

liver metastasis of CRC by inducing vascular permeability and
angiogenesis and thus creating a premetastatic niche. A
prospective clinical trial on rectal cancer was carried out and
found that plasma-based exosomal miR-141-3p and miR-375 were
significantly increased in patients with liver metastasis compared
to those without>” Recently, Hu et al”® revealed another
mechanism of liver metastasis of CRC via cancer-associated
fibroblast-derived exosomes, which elevated the expression of
miR-92a-3p and enhanced epithelial-mesenchymal transition and
cell stemness in CRC cells. Complementarily, miR-21,>° miR-18a,
miR-17-5p,%° and miR-548¢c-5p°®' can be used as early screening
markers for liver metastasis of CRC (Fig. 3). In summary, miRNAs
are critical elements in regulating liver metastasis of colorectal
cancer, whereas the specific targets are still under exploration, and
an accurate exosomal miRNA panel for prognosis prediction
makes sense in clinical applications.

Exosomes in tumor treatment response assessment

Exosomes also play a potentially useful role in treatment response
assessment, especially drug resistance, which is a major obstacle
for advanced malignant tumors. TDEs can carry various drug
resistance-associated molecules to target cells®® and thus induce
EMT, promote antiapoptotic pathways, alter signal transduction
alterations, and regulate specific targets in cancer cells®® to
facilitate treatment failure. Wei et al.®* demonstrated that
exosomal miR-222-3p could promote the expression of gemcita-
bine resistance and a malignant phenotype by targeting the
promoter of SOCS3, which could be used as a predictor of
treatment response for NSCLC patients. Qu et al.®® found a novel
IncRNA-INcARSR (IncRNA activated in renal cell carcinoma with
sunitinib resistance), as a biomarker for treatment, as it is
transferred through tumor-derived exosomes to promote sunitinib
resistance by upregulating AXL and c-MET expression. Never-
theless, there are also some favorable contents that enhance
sensitivity to chemotherapy. Liu et al.%® revealed that miR-128-3p-
containing exosomes derived from normal intestinal cells would
be transported to oxaliplatin-resistant CRC cells and thus increase
the treatment response. Upregulated exosomal miR-567 could
reverse trastuzumab resistance in BC as well.®” Another mechan-
ism of the drug resistance is the drug-efflux ability of cancer cells
via exosomes to decrease intracellular drug accumulation,
including direct drug export®® and transfer of drug efflux pumps
(e.g., P-glycoproteins, ATP-transporter A2/A3, multidrug-resistant
protein-1).°° Importantly, tumor-associated macrophage-derived
exosomes also contribute to drug resistance by targeting cancer
cells to inactivate sensitivity to therapy.”®”"

On the other hand, as a hotspot in cancer therapy, exosomal
PD-L1 has attracted considerable attention from researchers for its
potential in anti-PD-1/PD-L1 therapy response prediction. In
melanoma, upregulated by interferon-y, an increasing number of
PD-L1-containing exosomes were secreted by malignant cells,
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indicating resistance to anti-PD-1 therapy in patients without
previous immunotherapy but denoting a favorable response in
patients on pembrolizumab treatment since nonresponsive
patients hardly experienced changes in exosomal PD-L1 levels
during immunotherapy.”? To date, most studies on cancer therapy
response assessment remain at the level of cancer cells in vitro,
and more clinical trials are needed to validate the clinical capacity
of these biomarkers (Table 1).

EXOSOMES IN PREGNANCY DISORDERS

Exosomes show great capacity for the diagnosis of pregnancy
disorders, including hypertension and hyperglycemia during
gravidity, and prenatal screening. Although the utilization of
exosomes in maternal peripheral blood, urine and amniotic fluid
during pregnancy is still under exploration, the established facts
that placental cells can release exosomes to communicate with
the maternal body and the biogenesis and secretion of placenta-
derived exosomes (PDEs) are regulated by the microenvironment,
such as glucose concentration and oxygen tension,”> make
exosomes a noninvasive and promising tool for the early diagnosis
and prognosis of pregnancy disorders.

Exosomes in hypertensive disorders of pregnancy

Hypertensive disorders of pregnancy, especially preeclampsia (PE)
and eclampsia, are the major risks for the health of women and
their infants.”* PE affects 3-5% of pregnancies, leading to severe
maternal-fetal mortality.”® Placental hypoxia, which can be caused
by PE, increases the secretion of exosomes from placental cells
and varies the components.”® In addition to conventional markers,
placental alkaline phosphatase (PLAP) is a placenta-specific marker
for the extraction and quantification of PDEs.”””® Pillay et al.”
demonstrated that the ratio of PDEs to the total number of
exosomes (PLAP™ exosome ratio) was strikingly reduced in early-
onset PE and late-onset PE, whereas the relative concentration of
PDEs was significantly increased compared to that in normoten-
sive patients. Biro et al.®° collected plasma samples from pregnant
women diagnosed with PE, gestational hypertension or chronic
hypertension, and healthy controls. Plasma-based exosomal
miRNA analysis through reverse transcription polymerase chain
reaction (RT-PCR) revealed that the levels of total miRNA and
hypoxia-sensitive miR-210 in circulating exosomes were markedly
higher in the PE patients than other groups, especially in severe
PE. A study on placental exosome changes in PE women across
gestation conducted by Carlos Salomon identified exosomal
miRNAs by next generation sequencing and finally found that
miR-486-1-5p, miR-486-2-5p, and exosome concentration were
strikingly higher in PE than in healthy controls and that the two
miRNAs selected could serve as potential candidates to predict the
occurrence of PE,®" which could greatly improve the management
of pregnancy hypertension.

Signal Transduction and Targeted Therapy (2020)5:144



Application of exosomes as liquid biopsy in clinical diagnosis

Zhou et al.

jusbeay uone|os|

e £A139W01£ Mmoj4 - 9WOSOX] [e10] U3BOIIAU| 13W-2 ‘171-ad Mose wnJas 16
1Y PV JISPNN
- 4Ddpp bunejnoud dwyio uonebnyuusde|N Sy Jwst ewse|d v61 J9dUed dl3eadURY
sisouboud
" S - uonebnyiuaden|n sulajold Jw L wnJas pEL  ewoupied-olbuejoyd
wy dn-ues|d/zSW
o Kedeondiw YNYIW  YNY/AY IUIN AseaNyIw uonebnyIud [enuUIBYIQ SYNYIw Jw s'gg auun 69 J95Ued JIappe|g
uonen|yenn
/uonebnjuyusdenn
juaipelb Alsusp
b SI/SW-D1 - + uonebnyLuad [enualayig sulalold - auun 4 ewioudIed |95 |euay
ob S/SW-D1 - uopebnyluddRIN suiajoadoydsoyqd Jwsg ewse|d a4
uonnjos uoneyddaid
oL 10[q UJISaM/YS|T13 91esA| vdly buons SWOSOX3 |, HIINDOXT 78dD M00s ewseld Jo wnias ove
c/L 4Dd-14b 10Z]91 uonebnyuuaden|n SoL-giw - wniss 8¢
vrL d4Dd-1yb 10Z]91 wabeas |\ 51-Inbox3 opZL-YIW ‘LZ-giw IMosz ewse|d [43 Jdoued jsealg
- Bumizojqounwiw| Iaynq sisA] uonebnyuadR N suiajold - wnJas 1L
Aeue 3pdIsan
ot Jejn|deanx3  Aelse 3|DISSA JejnjjadelIxy Keuse 3[ISaA Jejn||@deax] sulajold - ewse|d 18S
1) uone|os| 47ve
zL 4ddb VNY!W W euepliw uonebnyLuadeIN SYNY!w - ewse|d solL
Kesse yodb
- oypads-ae|)y  wJopeld snid uonnjox3 uonebnyuusde|N W06/1 Y453 Jwz-1 ewse|d oLz J9dued bunT
vz S RE! 1aynq vdid uonebnyLuaden|n Il duidod 1M 00s ewseld vl
uoiinjos uoeydidaid
LLL VvSIn3 A RE] dWwosox3 |, }2INDOoX3 vid IMosz wniss oLL
4ddb [0zZI4L 6t L-HIw ‘dg-96-Yiw ewse|d
siskjeue Wy WwdwWYdUg 9jeuabowoy
e A119W01A Mmoj4 ainided Anuyyy ‘UoI1e|0S| DWOSOX] sﬁamuoxm 1DdD - anssi] 0l
1 ewse|d 113 uonnjos uoneuddald
091 dDd-14b /wnias AseaNyiw BWOSOX3 D1 4INDOX3 VNY!w IMosz wnias ot
oe 4ddb 10Z1Y1 uonebnyuusde|N VNYOU| M oos wnias oL J9oued [e13310|0D)
M vSIN3 M vSIN3
o, dwosox3 aimded Sd awosox3 aimde) S MY YSIT3 dwosox3 ainide) gd YWD - wnJas S8
sisAjeue uonebnyuad jualpelb
e A13d9W01£> Mmoj4 ainded Anuyyy 95042Ns + uonebnjuuadesyn 1DdD M osz wnJas 12¢
B ¥YNd
1YBISAA Jejndsjo
o2 4ddpp ybIH 1pemybep uonebnylluadRN Sy JWS1-60 ewse|d €97 J95UeD Ddlleaidued
sisoubelp Ajie3
piny Apoq sjuaned
EERIVEIETER] poyiaw uond913g poyidaw uondelIxy UO[}DRIIXd SWOSOXT syabie] JO dwn|op EnJglelN Jo 'oN suonedjddy

siown} HCGC@__GC‘_ uowwIOd Ul SOWO0SOX3

‘L °|qelL

SPRINGER NATURE

Signal Transduction and Targeted Therapy (2020)5:144



Application of exosomes as liquid biopsy in clinical diagnosis

Zhou et al.

SPOY1aW UOIID1DP pue UOIIR[OS 1961e]1 ‘SPOYIdW UOIIDRIIXD SWOSOXD
‘SDWI0SOXD JO s}abley [euondUNy ‘piny APog JO 324NOS ‘9[edS 1oYod Bulpnjdul ‘siadued Jo Buloyuow asuodsal Juawieas) pue sisouboud ‘sisoubelp A|1ea 10) SIaxIeWolq Se SSWOSOXd UO SIIPNIS [edIUl]d Judddy

Aeate uiyoid

Aeste uiyoud

1 uoie|os}

o aseyd asianay aseyd 9s19A9Y  SWOSOXd + uonebnjIuddRI N 17-ad Jw | ewse|d - ewoueR\
] anssi]
81 4dodb VNYIW 9| e|[@MXely uonebnyiuad jusipesb Alsusg LZ-diw jwg wnJag €S JdUeD 1sealg
vo 4od Hy AseaNy uonebnyuluadRIN de-zzz-yiw - wnisg 0S
W SON sN|d w uohnjox3 sN|d w uoinjoxy (VNY) 4493 jwe ewse|d 8 1zdued Hun
asuodsal Juswieal]
e 10[q UJIS9M I94nq sisAq uoebnyluddRIN 19911 ‘S¥OLI jwg auun €l 13oued 91815014
uojinjos uoneydpaid SyNY dUaWIYd pasnpul
csl Hdd-14b 10zZ1Y1 SOWOSOXd y2INDOX] Ajjeuondudsuel| Jwg-¢ eAljes 709 ewoupied |eabeydos]
uonn|os
281 sAesse ounwiwi| - uoneudipaid woPInDox3 VIW ‘do0LS Mosz wnuag 926
uonn|os
cs1 dddb 10Z]41 uoneydaid |, 3INDOX] qSZL-VYNY!w 1Mooz wnisg 9g ewouelP
I anssi|
L8l 4dodb VNYIW 9| e|[@MXely uonebnyiuad juaipesb Alsusg TT-Hiw jwg wnJag €S JdUeD 1sealg
Aydeiborewoiyd
- £A139W03£> Mmoj4 - uoIsn|IXa 3zIS Ul 17-ad Jw L ewse|d O J92Ued Xd3u pue pesaH
081 CINRE] - uonebnylusden|N ulinbasiydwy jwg ewse|d 0C
Y uonejosj
s vSIi3 vdld 2WOs0X] [e10] w udboAu| 17-ad W wnisg S8
Kelly 3dISap
621 Je|n|denx3  Aelly 9dIS9A Jejnjjadelixy Kedry 3DISIA Jejn|jadelix3y 1-OS3-AN ot ewse|d 9/T
SYNY Jenaapn
os Hdd-14b 10zZ1Y1 uy Ixepy Asejox3 Jluoxa |14 Jw 03 dn wnias 901 Jaoued bun
o 4ddb 10Z]41 uonebnyuuade|N de-gz-yiw - wnusg /8
Y uonejos| 1Y uonejos|
s 4ddb  ¥NY AYNDYIw |, uobixg SWOosox3 AYNDYHIW |, uobixz GLE-YIw dg-LyL-Hiw [w L/ 100 ewse|d €6
Y uonejos|
o dddb W Ui Aseanyiw SWOsOox7 [e10] w udb0o1AY| dg-o8y5-Hiw Jw L= 0oL wniss 801
UM VNYIwW
09 d4Dd-14b ‘¥NY pinbi7 aindiH suwn|o) uoisnpx3 azis AFb  dg-eze-yiw ‘dg-/ L-giw jw i wnisg 8¢
1Y UOIIR|OS| SWOSOX]
- Ydod-14b 1] [UIW AseaNyiw |elo] /uonebnjuuadeyn egL-yiw Jw L wnuag 55T J9d5ued |e8I0j0)
piny Apoq sjuaned
EERIIEIETEN| poylaw uonda1dQg poyilaw uondelix3y UOI[}DRIIXd SUWOSOXT syabie| JO dwn|op ERYiglelS Jo "oN suonedjddy
panunuod L 3|qel

Signal Transduction and Targeted Therapy (2020)5:144

SPRINGERNATURE



Exosomes in gestational diabetes mellitus

Hyperglycemia is another major factor affecting the bioactivity of
placental exosomes. Insulin resistance and hyperinsulinemia can
be induced by pregnancy-related hormones (e.g., diabetogenic
autacoids) in normal pregnancies.®>®® Gestational diabetes
mellitus (GDM) is characterized as glucose intolerance for the
first diagnosis during pregnancy.®* GDM affects up to 25% of
pregnancies worldwide,® and the incidence is rapidly increasing
due to the global increase in type 2 diabetes and obesity.®® The
release and bioactivity of PDEs are regulated by glucose in the
first trimester of gestation.®” Salomon et al®® carried out a
retrospectively stratified study on the changes in PDEs in
pregnant women with GDM during gestation. They established
that the level of PDEs was elevated in both normal and GDM
pregnancies, while higher in GDM, especially in early gestation
(11-14 weeks). Early diagnosis of GDM and timely pharmacolo-
gical interventions could reduce the long-term damage on
mothers and fetuses.®

Exosomes in prenatal screening

As well, the detection of exosomes can play a role in prenatal
screening. PLAP' exosome ratio from maternal plasma was a
potential marker of fetal growth and placental function, as it was
obviously lower in patients with fetal growth restriction than in
healthy controls.®® Combined with type-B ultrasonic examina-
tion and physical examination, plasma exosome detection could
allow much more precise diagnosis and monitoring of fetal
growth restriction before parturition. Additionally, downregu-
lated miR-300 and miR-299-5p in amniotic fluid-based exosomes
could serve as biomarkers for the diagnosis of congenital
obstructive nephropathy. Regrettably, invasive amniocentesis
remained.”’

In summary, maternal circulating exosomal miRNAs, particularly
PDEs, are the most popular biomarkers studied in pregnancy
disorders, prenatal screening and preterm birth monitoring.*
Urinary exosomes were also affected by maternal changes in
gestation, which possessed potential for the diagnosis of
intrahepatic cholestasis® and hypertension.”* Blood and urine
testing are already regular during pregnancy, and exosomal
biomarkers could be a supplement to detect and predict disorders
in pregnant women and fetuses.

EXOSOMES IN CARDIOVASCULAR DISEASES

Cardiovascular diseases (CVDs) are one of the major concerns in
human health, especially coronary artery disease (CAD), which
remains the leading cause of global mortality.”> Currently,
circulating biomarkers of CVDs, such as total cholesterol levels
and low-density lipoproteins (LDL), and myocardial infarction (MI)
prognostic biomarkers, including high-sensitivity C-reactive pro-
tein, high-sensitivity cardiac troponin and creatine kinase MB, can
only roughly evaluate the risk of the occurrence and progression
of the disease but cannot precisely predict whether the process
starts or develops.%'97 In this sense, novel blood-based exosome
biopsy can offer a promising platform to assist clinical diagnosis
and prediction more accurately. Mounting works have proven that
exosomal miRNAs possess promising protective functions in
CVDs.”®7'% Simultaneously, circulating exosomes have shown
great potential for diagnosis and risk assessment in CVDs.>

Exosomes in coronary artery disease

In CAD, exosomal miR-133a was elevated in injured myocardium
and dead cardiomyocytes in particular.'®" Furthermore, miR-
146a-abounded exosomes from cardiosphere-derived cells were
revealed to promote angiogenesis and inhibit apoptosis, which
indicates the therapeutic efficacy of exosomes.'? Exosomes
containing miR-210, miR-132, miR-181,'% and miR-378b, miR-
623, miR-941 (associated with ejection fraction improvement),
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miR-1256, miR-384 (associated with fibrosis reduction), miR-525-
3p, MiR-5155p, MiR-1224 (associated with angiogenesis induc-
tion)'** and GATA4-responsive-miR-451'%® derived from cardiac
progenitor cells also possess the same cardioprotective function.
Recently, Liu et al." made substantial progress in identifying the
therapeutic role of circulating endothelial cell-derived micro-
vesicle miRNAs, particularly miR-92a-3p, in regulating the
phenotypes of ECs and vascular smooth muscle cells under
atherosclerotic conditions, which could be a candidate for the
prognosis of CAD. In contrast, miR-939-5p was downregulated in
serum-based exosomes from patients with Ml and inhibited
angiogenesis via the nitric oxide signaling pathway.'®” Apart
from miRNAs, exosomal proteins also play a significant role in
CVD. P-selectin-expressing microparticles,'® CD37/CD45", SMA-
a'-circulating exosome levels,'® and exosomal Cystatin C, Serpin
F2, CD14 levels''® were correlated with a high risk for incident
CVD and mortality. Based on liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS), Cheow et al.'"" identi-
fied 252 upregulated EV proteins after Ml and created a potential
panel for the early diagnosis of MI, including apolipoprotein C-lll,
apolipoprotein D, platelet glycoprotein Ib alpha chain, comple-
ment C1q subcomponent subunit A, and complement C5.

Exosomes in heart failure
In heart failure (HF), miR-22, miR-320a, miR-423-5p, and miR-92b
were overexpressed in both serum and serum exosomes and can
be uesd as specific biomarkers for the diagnosis and prognosis of
systolic HF."'? Several serum-based exosomes containing p53-
responsive miRNAs, such as miR-34a, miR-192, and miR-194,
were upregulated in HF patients within 1 year of acute MI
onset.'’® Moreover, it was demonstrated that an increased ratio
of endothelial apoptotic microparticles (CD31"/Annexin V') to
mononuclear progenitor cells was related to adverse clinical
outcome in patients with acutely decompensated chronic HF."™
In addition, exosomes are also related to multiple other CVDs,
such as stroke,'"> cardiomyopathy,''®""” cardiac arrhythmia,''® and
valvular heart disease.'’® Generally, miRNAs are the most prevalent
molecules in CVD-associated exosomes as well, revealing super-
jority as a diagnostic biomarker and a promising therapeutic tool.

EXOSOMES IN ORGAN TRANSPLANTATION

Transplantation of organs from living donors is a feasible way to
cure patients with advanced organ failure. However, the recogni-
tion of the allograft by the recipients’ immune system, and thus
the subsequent rejection, is a major obstacle in organ transplanta-
tion therapy. Allograft rejection is mediated by T lymphocytes in
the recipient’s secondary lymphoid organs that recognize donor
major histocompatibility (MHC) antigens through direct (donor
MHC and peptides) or indirect (recipient MHC and donor-derived
peptides) pathways."?° The activation of T lymphocytes is ascribed
to the migration of the donor antigen from professional antigen-
presenting cells to recipient lymphoid tissues and directly
communication with T lymphocytes.'?' In recent years, it has
been discovered that allograft rejection depends on the
transmission of EVs from the donor graft organ, which carries
donor MHC to recipient antigen-presenting cells and activates the
immune response to allografts.'?? The T-cell activation pathway
via exosomes is termed the semidirect pathway.'**'** Accurate
and early diagnosis and longitudinal monitoring of immunologic
rejection are essential in the prevention and treatment of clinical
transplantation. Current detection methods can sense immune
rejection, but by then, the transplanted organ has often under-
gone irreversible damage. Consequently, there is an urgent need
for convenient and noninvasive tools to detect chronic allograft
rejection, which affects the survival of most transplant recipients.
Thus, the existence of donor-specific exosomes and exosomal
changes caused by immunologic rejection over time'?® can serve
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as a surrogate biomarker in acute or chronic rejection of solid
organ allografts.

Exosomes in lung transplantation

In lung transplantation, serum/BALF-based exosomes presenting
donor HLA, SAgs and immunoregulatory miRNAs from recipients
might contribute to acute rejection (AR) and predict early
diagnosis of allograft rejection.'?® Besides, analysis of BALF-
based exosomal mRNAs was significantly different between lung
transplantation recipients with or without AR, and the upregulated
molecules in AR samples showed a substantial trend toward an
inflammatory environment related to both innate and adaptive
immune responses.’

Exosomes in heart transplantation

In heart transplantation, Kennel et al.'”® demonstrated that
circulating exosomal protein content varied in heart transplanta-
tion recipients with allograft rejection and that fifteen proteins
were strikingly different and primarily related to the immune
response. Consequently, exosomal protein analysis could be a
powerful tool for post-transplantation monitoring. Besides, Sukma
et al.'"” demonstrated a new view on the mechanism of acute
cellular rejection in cardiac allografts in which miR-142-3p-
incorporated exosomes from heart transplant patients were
transferred to ECs and undermined endothelial barrier function
via downregulation of RAB11FIP2. Recently, Saha et al.'®* proved
the protective role of cardiac progenitor cell-derived exosomes in
MI. They demonstrated that quantitative and cargo profiles of
exosomes from circulating cardiac progenitor cells or cardiosphere-
derived cells could be a potential tool for noninvasive surveillance
after heart transplantation.

Exosomes in kidney transplantation

In kidney transplantation (KTx), Park et al.'*° developed a
detective and analytic method-integrated kidney exosome
analysis (iKEA). iKEA showed high detection accuracy in clinical
urine samples from patients with kidney transplant rejection,
and its portability simplifies transplant recipient monitoring.
Recently, Lim et al."”*' conducted a proteomic analysis of
urinary exosomes derived from KTx patients. Based on MS, 169
urinary exosome proteins were identified, among which 46
were upregulated in stable recipients and 17 were over-
expressed in AR patients. Finally, they selected tetraspanin-1
and hemopexin, which were remarkably elevated in patients
with AR, as potential markers for the diagnosis of AR in KTx
recipients. Plasma exosomes also play a role in KTx. Zhang
et al.”>?> demonstrated that plasma exosome mRNA-based
analysis can be a potential tool for the early diagnosis of
allograft rejection in KTx patients.

Exosomes in islet transplantation

In islet transplantation, Vallabhajosyula et al.'*® demonstrated that
proteomic and RNA signatures, quantity and other signal changes
in donor HLA exosomes could indicate early injury/loss of islet
mass; therefore, transplant islet exosomes could be a reliable
biomarker for monitoring patients undergoing islet transplantation
over long-term follow-up. Recently, Korutla et al.'** reported a
relevant case confirming that circulating transplant islet-specific
exosomes could be a potential biomarker for distinguishing
between pancreatic B cell damage secondary to autoimmune
relapse or immune rejection in islet-transplanted patients diag-
nosed with autoimmune type 1 diabetes.

In conclusion, immune response-related proteins and immu-
noregulatory miRNAs varied significantly in exosomes derived
from patients after organ transplantation. Peripheral blood and
urine-based exosomes may serve as a practical tool for the early
detection of AR and long-term monitoring to prevent chronic
allograft rejection (Table 2).

SPRINGERNATURE

PROGRESSION IN EXOSOME EXTRACTION METHODS

Thery et al.? firstly proposed the classic method of ultracentrifuga-
tion for isolating exosomes. After that, differential ultracentrifugation
became the most common method for exosome isolation.
According to a global survey in October 2015, >80% of researchers
used this method for EV separation.'>* Exosome extraction methods
are mainly based on their physical characteristics and components.'®
Importantly, exosome quality will be greatly affected by different
exosome extraction procedure.'*® Currently, these methods for
exosome extraction can be commonly divided into differential
ultracentrifugation, density gradient/cushion centrifugation, size
exclusion chromatography (SEC), precipitation, (immuno-) affinity
capture, microfluidic approaches, etc.'*® While differential ultracen-
trifugation is the most commonly applied method for exosome
isolation with relatively satisfactory purity, it is time-consuming and
requires costly instruments, which are nevertheless disadvantages
that cannot be ignored, making it untoward for clinical applica-
tion."”"13 Density gradient centrifugation can further increase the
exosome purity and has been recommended as a standard to
validate an EV experiment,'*® whereas it is more time consuming
and of low yield.? SEC excludes nonexosomal particles by vesicle
size."*® However, some samples may contain a large proportion of
lipoprotein particles of similar size to exosomes, and thus, they
cannot be distinguished."”’ Kaloyan et al'** compared the
difference between murine plasma exosomes extracted by ultra-
centrifugation and SEC. They found that the latter extracted a large
number of exosomes that were enriched with protein but also with
many ch}llomicron-positive lipid particles and nonvesicle-associated
proteins.'** With a high yield of exosomes, the precipitation method
provides the least pure exosomes compared to size exclusion
isolation and density gradient purification.'*® It often precipitates
viruses, proteins, and other substances together with exosomes,
which may influence subsequent experiments. In contrast, affinity
capture methods often provide high purity, although the recovery
seems unsatisfactory.

As mentioned above, purity improvement is an issue that most
methods need to consider, especially regarding lipoprotein
contamination (including high-density lipoproteins (HDL), LDL,
very low-density lipoproteins (VLDL), and chylomicrons) in blood
samples.'*® The similar density of EVs and HDL, as well as the
tremendous gap in abundance between EVs and LDL, makes it
difficult to separate them by density gradient ultracentrifugation.
SEC can purify EVs from HDL/LDL by size differences, but not
chylomicrons or VLDL, which possess similar sizes to EVs,'4%'%
The combination of ultracentrifugation and SEC'*® or the
combination of density gradient fractionation and immunoaffinity
capture’ could greatly reduce contamination. Essentially, the
most common way applied to decrease contamination is dilution,
which is a necessary step before ultracentrifugation.'*> What also
caught our attention is that during the preparation of proteins/
peptides for MS technology, a solid-phase extraction method will
be utilized for lipoprotein removal,'*® which may also be suitable
for exosome purification. Minimal Information for Studies of
Extracellular Vesicles guidelines (2018) put forward the classifica-
tion of existing extraction methods based on recovery and
specificity of exosomes,? which provided a way for researchers to
select appropriate and stable methods in subsequent studies.
However, we are still going to explore a better methodology for
substantial yields and reliable quality of exosomes.

Apart from these classic extraction methods, multiple new
extraction and detection technologies have been reported in
recent years, such as the microfluidic chip'*”"'*® and a method of
integrated extraction and quantitative analysis of exosomal
nucleic acids and proteins,' with high specificity and intact
yield of exosomes, small required sample volume and simple,
time-saving operation. Moreover, a novel urine-based EV extrac-
tion and enrichment method was established by Woo et al."°.
This new technology takes only 30 min to enrich EVs from 4 ml
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urine. Following mRNA extraction, AR-V7 and androgen receptor
full-length mRNA detection via ddPCR, they proposed exosomal
AR-V7 transcript as a promising biomarker for the clinical
application of urinary biopsy in prostate cancer.”*® Additionally,
a rapid and simple Vn96-peptide-based EV isolation method was
established, which could capture heat shock proteins abounded
on the surface of EVs."! Bijnsdorp et al.'>? optimized this time-
(~1.5h) and cost-efficient method and indicated similar efficacy
compared to ultracentrifugation when extracting urinary EVs. At
the same time, a size-based exosome total isolation chip, which
was easy to operate, with higher yield and similar purity compared
to ultracentrifugation and required small sample volumes
(10-100 pl), was designed to simplify EV extraction from clinical
biofluids, such as plasma, urine, and lavage.'** Complementarily,
Chen et al.’”>* proposed an anion-exchange-based method for
separating exosomes directly from plasma or cell culture media by
anion magnetic beads within 30 min.

More importantly, the exosome isolation kit, the most
representative commercial product, is becoming more prevalent
recently and includes the ExoQuick precipitation solution,'>>'>¢
Total Exosome Isolation Reagent kit'*® and ME™ kit'*” based on
precipitation; Exo-Spin™'>® based on precipitation and size
exclusion; and exoEasy Maxi Kit,>> ExoCap™ Exosome Isolation
and Enrichment kit, and Exo-Flow™ '*° based on immunocapture.
It has been reported that kit-based exosome isolation methods
are more convenient and effective'® and obtain similar exosome
recovery and purity comparable to the ultracentrifugation
method."?®'®" However, Tian et al.'*® recently demonstrated that
a large proportion of contaminants existed in products extracted
by commercial isolation kits and that the products exhibited
much lower purity than those extracted with ultracentrifugation.
The use of commercial kits is still controversial, and more
technical refinement is urged for clinical application. Finally, we
summarized some cost-convenient exosome extraction methods,
which possessed equivalent or higher exosome yield and purity
compared with ultracentrifugation, potentially feasible for clinical
use in Table 3.

COMMERCIAL DEVELOPMENT OF EXOSOMES

A multitude of companies have been established to exploit
biotechnology development in exosomes. Founded in 2015,
Codiak BioSciences is a pioneer biotechnology company devel-
oping exosome treatments for various diseases and is head-
quartered in Cambridge, Massachusetts. Codiak BioSciences has
developed the engEx™ Platform to engineer exosomes to express
and deliver therapeutic drug candidates. ExoSTING is a major and
promising immune therapeutic candidate targeting cancer.
Compared to free STING agonists, exoSTING is highly potent with
minimal toxic potential. It is rarely affected by serum systemic
cytokines and preserves the vitality of effector T cells and antigen-
presenting cells in tumors to maintain sustained immune
protection. Recently, exoSTING is being developed for solid tumor
therapy that activates the “STING” receptor in immune cells.
Relevant clinical trials will be carried out in the first half of 2020.'%2
Exosome Diagnostics is a revolutionary developer of molecular
diagnostics based on biological fluids, which was acquired by Bio-
Techne last year. They are aimed at developing novel and precise
exosome technology mainly in liquid biopsy of multiple cancers,
including lung®®*! and prostate cancer.'®*'%* The ExoDx Prostate®
(IntelliScore) (EPI) test is the star production of exosome
diagnostics. This is a urine-based and completely noninvasive
test designed to assist physicians in assessing whether an
individual patient over 50 years old tested with 2-10ng/ml
prostate-specific antigen, which presenting for a needle biopsy, is
at greater risk for high-grade prostate cancer; therefore, the
patient can avoid unnecessary biopsy and, instead, continue to
follow up.'®®* Moreover, the commercial exosome isolation kit
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ExoLution Plus Isolation Kit owned by Exosome Diagnostics is
widely used in exosome research. Recently, Avalon GloboCare and
its subsidiary Genexosome Technologies clarified the establish-
ment and development of the first salivary-based exosome miRNA
biomarker-miR-185 as a dual target for the diagnosis and
treatment of oral cancer.'® Additionally, Avalon GloboCare is
working on the identification of human angiogenic exosomes.'®
PureTech Health'® collaborated with Roche to impel the
advancement of technology for oral administration of antisense
oligonucleotides with PureTech’s milk exosome-based technol-
ogy'® to transform conventional intravenous injection therapy for
improved efficacy and reduced toxicity.

CONCLUSIONS

With the progression of precise and individual medicine,
conventional solid biopsy has gradually shown considerable
limitations, whereas the occurrence of liquid biopsy greatly
makes up for it and provides a promising platform for
noninvasive diagnosis and prognosis. Undoubtedly, exosomes
play an important role in various physiological and pathological
processes, and compelling evidence has proven exosomes to be a
potential tool for clinical application, including liquid biopsy and
therapy, with the powerful advantages of existence in all body
fluids, stable biological activity, higher sensitivity and specificity in
diagnosis and prognosis, and organotropic characteristics.?®
Meanwhile, various sources of biofluid are applied in different
diseases according to human anatomy and pathophysiology. For
example, nervous system diseases will prefer cerebrospinal
fluid,"® prostate cancer, and urinary system diseases will benefit
more from urine and most solid tumors, pregnancy disorders and
CVDs are prone to blood testing.

However, there are still some barriers between basic research and
real clinical practice. First, a standardization of the classification and
extraction method of exosomes for different body liquids is urgently
needed. More efficient methods with a low biofluid volume
requirement and high purity and yield are the foundation of
subsequent applications. Second, the identification of specific
subtypes of EVs is urgently needed, as different vesicles may exert
various biological effects. Current methods to extract exosomes (as
shown in Tables 1 and 2) are too diverse to confirm the purity of the
product. Therefore, it is necessary to standardize the protocols and
identification methods when attempting to use exosomes widely in
clinical testing. Additionally, more reliable biomarkers should be
confirmed. Although many molecules carried by exosomes have
been documented to serve as potential biomarkers, little of them
are qualified for application. It may be a better direction to validate
documented biomarkers on a larger scale to create new panels for
multiple fields. Last but not the least, as potential therapeutic cargo,
the biological safety, targeted efficacy, and adverse effects of
exosomes must be confirmed before clinical use.
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