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Advances in the discovery of exosome inhibitors in cancer
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ABSTRACT
Exosomes are small membrane vesicles released by most eukaryotic cells. They are considered to play an
essential role in cell-to-cell communication, and It is also found that they serve as functional mediators in
many severe diseases, including progression of various types of cancers. Inhibition of exosome release
may slow the progression of some cancers; thus, exosome has been an attractive target for cancer treat-
ment. Over the years, considerable efforts have been made to discover novel, highly potent and excel-
lently selective exosome inhibitors. Most of these inhibitors are derived from synthetic compounds, some
of which are currently existed drugs and found to have the potential to inhibit exosome release. In this
review, we briefly discussed the development of exosome inhibitors that are currently discovered and pro-
vided guidance for the future development of inhibitors.
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Introduction

Exosomes are extracellular vesicles (EVs) that produced in the
endosomal compartment of most eukaryotic cells, and have
observed increasing attentions over the past decade. The pres-
ence of exosomes in extracellular space was identified as early as
the late 1980s1. Pools of exosomes are packed in the multi-vesicu-
lar endosomes (MVEs) and released into the extracellular space
after the fusion of MVEs with the plasma membrane2–4. The exo-
somes secreted from cells were initially proposed as cellular waste
resulting from cell damage, or by-products of cell homeostasis,
and have no significant impact on neighbouring cells. Only
recently, these extracellular vesicles are found to play important
roles in intercellular communication, they carry a complex cargo
of proteins, lipids, and nucleic acids, and then deliver these cargos
to the target cells they encounter, which may ultimately repro-
gramme the recipient cells distal from their release5–8. Therefore,
as a novel mode of intercellular communication, exosomes may
play a major role in many cellular activities, such as signal trans-
duction and immune response9. However, exosomes can be
released by practically all eukaryotic cells, so their cargos may dif-
fer from each other functionally. It is found that exosomes are
involved in in various disease processes10,11. In cancer, for
example, the tumour-derived exosomes are implicated in promot-
ing tumour progression, angiogenic switch, and immune escape
by paracrine subversion of local and distant microenviron-
ments12,13. Their roles in various stages of metastasis, including
the induction of migration, invasion and pre-metastatic niche for-
mation, have been well-documented in various human neoplas-
tic diseases.

With the clear understanding of the mechanism of exosomes
release, much more efforts have been made to develop therapeut-
ically useful exosome inhibitors as adjunctive therapy for cancer.
To date, thousands of papers have been published on the
research of exosomes, and a plenty of exosome inhibitors with dif-
ferent skeletons have been discovered. However, only a few
reviews on exosome inhibitors have been published. Considering
the attractiveness and significance on developing exosome inhibi-
tors for clinical use, in this review, we would, therefore, like to
deliver a survey on the recent development of exosome inhibitors.

Exosome inhibitors

Exosome inhibitors targeting RAB27A

Ras-related protein RAB27A is a protein that in human which is
encoded by the RAB27A gene. The protein encoded by this gene
belongs to the small GTPase superfamily, RAB family. This protein
is membrane-bound and may be involved in protein transport
and small GTPase mediated signal transduction. It is found that
RAB proteins could play an important role in exosome production
or secretion. The knocking-down of RAB proteins (RAB27A and
RAB27B) inhibited exosome secretion without major modifications
in the secretion of soluble proteins through the regular secretory
pathway. Efforts have been made to discover new compounds
that can interfere the function of RAB27A to inhibit exosome
release (Table 1). In 2016, Jennifer et al. reported several com-
pounds that can inhibit exosome release in human neutrophils via
interfering the interaction between RAB27A and JFC114. They used
High-throughput screening (HTS) technique to screen the inhibi-
tors. Two of these compounds Nexinhib4 and Nexinhib20 are
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proven to be active against the RAB27A-JFC1 complex. These two
compounds have the similar structure, both of them have aro-
matic moiety and nitryl part. But Nexinhib4 was based on thiazole
while Nxinhib20 on triazole. It was interesting to note that the
activity of Nexinhib20 was 4-fold more active than Nexinhib4. The
potential mechanism of Nexinhib20 inhibiting exosome release is
that the important residue Tyr122 in RAB27A pockets could medi-
ates pi-pi stacking interactions with Nexinhib20. Thus, by occupy-
ing this key residue, Nexinhib20 could interfere the function of
RAB27A and inhibit exosome release. Moreover, Nexinhib20 also
showed a dose-dependent inhibitory activity on the binding of
RAB27A to JFC1 with a calculated IC50¼ 2.6lM.

Amrita et al. screened four currently existed compounds that
can selectively inhibit the biogenesis and secretion of exosome to
slow down cancer progression16. The first one, tipifarnib, is a
potent farnesyl transferase inhibitor, it can interfere cell growth
and induce cell apoptosis14,15. Its exosome inhibitory effect was
evident, data showed that the level of exosome released from PCa
cells which exposed to 0.25–1 lM of tipifarnib was significantly
decreased. The underpinning mechanism of tipifarnib is inhibiting
the expression of RAB27A, Alix and nSMase219. Additionally, the
inhibitory effect of tipifarnib may be selective for cancer cells,
because it only affects exosome release in C4-2B and PC-3 cells
but not in the RWPE-1 cells (Human Prostate Epithelial cells). This
property is crucial for the clinical use of exosome inhibitors. The
interactions between tipifarnib and RAB27A are shown in Figure 1.
The inhibitory effects of neticonazole and climbazole were also
measured, both of them (20mM) could significantly decrease exo-
some secretion by downregulating the level of Alix and Rab27a,
additionally neticonazole also decreased nSMase2 levels. This
team also screened a compound that has currently been approved
by the United States for PCa patients, ketoconazole, could inhibit
exosome release17. Ketoconazole (5 lM) decreased the level of
exosome produced by C4-2B cells and PC-3 cells, and increasing
concentrations (0–5 lM) led to a robust dose-dependent decrease
in RAB27A, Alix and nSMase2 in both C4-2B and PC-3 cells, but
not in the RWPE-1 cells. Interestingly, although the structures of

Table 1. RAB27A inhibitors.

Compound Structure EC50(lM) Reference

Tipifarnib 1.0 [14,15]

Neticonazole 8.0 [16]

Climbazole 10.0 [16]

Ketoconazole 5.0 [17]

Nexinhib20 2.6 [18]

Nexinhib4 10.0 [18]

Table showing the exosome inhibitors that target RAB27A, their potency and
their structures.

Figure 1. The interactions between Tipifarnib and RAB27A from molecular docking. (A) The pocket is shown in electrostatics representation. (B) The two-dimensional
schematic representation of the Rab27a and Tipifarnib complex interactions. Red, yellow, blue and white ribbons: RAB27A. The binding surfaces are identified in grey.
The molecular structures of Tipifarnib is displayed by purple ball-and-stick models. Green lines indicate pi-pi stacking interactions, and purple dashed arrows represent
sidechain hydrogen bond interactions. Polar and hydrophobic residues are depicted with green and pink circles, respectively.
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these four compounds are different from each other, they all have
the same parts, diazole and aromatic moiety, which suggests the
importance of both to the structure of the drugs. Furthermore,
the activities of these compounds are quite different, the efficacy
of tipifarnib is much more active than the other three
compounds.

Exosome inhibitors targeting sphingomyelinase

Sphingomyelinase (SMase) is a hydrolase enzyme that is involved
in sphingolipid metabolism reactions. SMase family contains alka-
line, neutral, and acidic SMase depending on the pH in which
their enzymatic activity is optimal. They are responsible for break-
ing sphingomyelin (SM) down into phosphocholine and ceram-
ide20. Researchers have found that ceramide could regulate
exosome production, and the inhibition of neutral sphingomyeli-
nase (nSMase) could downregulate the level of ceramide21,22. As a
result, inhibiting nSMase could reduce the amount of released
exosome23,24. Therefore, nSMase is a potential therapeutic target
for inhibiting exosome release. Efforts have been made to develop
nSMase inhibitors as exosome inhibiting agents (Table 2). The first
nSMase inhibitor that has been used to inhibit the production of
exosome is GW486922,25–30. This compound has been successfully
used to block the secretion of exosomes from MCF-7 cells, lung
epithelial cells and RAW264.7 macrophages29,39,40. Around twenty-
two percent reduction of exosome was detected when treated
RAW264.7 macrophages with 10 lM GW4869, and the inhibitory
effect was enhanced when the concentration was raised to 20lM.
Additionally, the level of ceramide was significantly reduced. The
interactions between GW4869 and nSMase are shown in Figure 2.
Another neutral sphingomyelinase inhibitor, Manumycin A (MA),
also has the ability to block the secretion of exosomes27,28.
According to exosome quantification analysis, MA (250 nM) signifi-
cantly suppressed exosome secretion in C4-2B, 22Rv1, and PC-3

Table 2. nSMase inhibitors.

Compound Structure EC50(lM) Reference

GW4869 1.0 [22,25,26]

Manumycin A 0.25 [27,28]

Spiroepoxide 2.0 [29,30]

Cambinol 5.0 [31]

Scyphostatin N/A [32,33]

DPTIP 2.0 [34]

Table showing the exosome inhibitors that target nSMase, their potency and
their structures.

Figure 2. The interactions between GW4869 and nSMase from molecular docking. (A) The pocket is shown in electrostatics representation. (B) The two-dimensional
schematic representation of the nSMase and GW4869 complex interactions. Red, yellow, blue and white ribbons: nSMase. The binding surfaces are identified in grey.
The molecular structures of GW4869 is displayed by purple ball-and-stick models. Green lines indicate pi-pi stacking interactions, and purple dashed arrows represent
sidechain hydrogen bond interactions. Polar and hydrophobic residues are depicted with green and pink circles, respectively.
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cells by about 55%, as compared to the controls. More import-
antly, the exosome inhibitory effect of MA did not appear in the
normal RWPE-1 cells which means that MA could selectively
inhibit the exosome released from cancer cells. This phenomenon
suggests that MA could be a potential exosome inhibiting agent
in the future. A natural product, spiroepoxide, also has been
reported to block exosome release29,30. At 5lM, spiroepoxide can
inhibit exosome release by 20% which is as effective as GW4869
at the same concentration. However, the structure of this com-
pound is totally different from GW4869. GW4869 has three ben-
zene rings and two diazole groups while spiroepoxide only has
one benzene ring and one ternary ring.

Through screening, Camilo Rojas et al. discovered a newly
identified potent brain penetrant neutral sphingomyelinase 2
inhibitor to cure brain injury, which name was 2,6-Dimethoxy-
4–(5-Phenyl4-Thiophen-2-yl-1H-Imidazol-2-yl)-Phenol (DPTIP)34.

DPTIP was described as the most potent nSMase2 inhibitor that
has been reported so far. The IC50 of DPTIP is 30 nM which is
much more potent than the prototype inhibitors GW4869 (1 mM)
and cambinol (5 mM)25,31. Moreover, DPTIP is also the first
nSMase2 inhibitor described with nanomolar potency. DPTIP’s exo-
some inhibitory effect was found related to its hydroxyl group,
since the des-hydroxyl analogue of DPTIP showed no inhibition
effect. Additionally, the inhibitory effect of DPTIP is unique to
nSMase2, it does not inhibit members of two related enzyme fam-
ilies including alkaline phosphatase or acid sphingomyelinase, a
phosphodiesterase closely related to nSMase2. It is also found that
DPTIP blocks EV secretion in a dose dependent manner
(0.03–30mM), and at 30mM, this compound could decrease exo-
some release by 50% in astrocytes. Therefore, the exosome inhibi-
tory effect of DPTIP is significant, and it might be a potential
agent for synergistic treatment of cancer in the future.

There are some other nSMase inhibitors with high activity.
Cambinol, for example, is a novel uncompetitive nSMase inhibitor,
its inhibitory activity for nSMase2 (IC50¼ 6 lM) was about 10-fold
more potent than for its previously known target, silence informa-
tion regulator 1 and 2 (SIRT1/2)38. Scyphostatin, also a well-known
nSMase inhibitor, could inhibit nSMase3 in a dose-dependent
manner (0–5 lM), and nSMase2 was equally sensitive to inhibition
by scyphostatin32,33,41,42. However, the exosome inhibitory effects
of these two compounds are yet to be verified.

Other inhibitors

Except for the two kinds of exosome inhibitors above, there are
other strategies to inhibit exosome release with different mecha-
nisms (Table 3). In 2009, Parolini et al. reported that the microen-
vironmental pH of tumour cells is an essential factor for exosome
traffic53. At low pH condition, the level of released exosomes
increased in melanoma cells, and this low pH condition did not
affect cell viability. Moreover, the exosome uptake also increased
in cells cultured in an acidic condition. According to another
research, exosome release can be reduced by alkalising the
tumour cell microenvironment54. Data showed that as the pH of
the microenvironment increased the number of released exo-
somes progressively decreased in SKBR3, Me30966 and LNCaP
cells (exosome released from cells cultured at pH 7.4 conditions
were about 20-fold lower than at pH 6.5 conditions). In cancer
cells, proton transporter V-ATPases plays a kay role in maintaining
an alkaline intracellular pH and an acidic extracellular pH55,56.
Therefore, the inhibition of V-ATPases might be a new strategy to
block exosome release. It is shown that proton pump inhibitors
(PPIs) which have been largely used for treating peptic diseases
because of their anti-acidic properties could be used in cancer
therapy, and because of PPIs’ V-ATPases inhibiting effect, they can
be used to block exosome release as well53,56–59. In 2013, Federici
et al. showed that treating tumour cells with PPI induced reduc-
tion of released exosome43. The in vitro study revealed that 50 lM
of Lansoprazole (PPI) pre-treatment for one day on human melan-
oma cells led to a marked reduction in the level of released exo-
somes compared to the control. Furthermore, the in vivo study
also indicated that PPI markedly reduced the level of plasmatic
exosomes released by human tumour cells. This team also
reported other commonly used PPIs that could be used to inhibit
the acidification of the tumour microenvironment. In 2004, they
found that the pre-treatment of PPIs omeprazole, esomeprazole,
or pantoprazole could reverse the resistance of human tumour
cells to cytotoxic drugs44,56. It is also discovered that the ability of
tumour cells (melanomas, adenocarcinomas, and lymphoma cell

Table 3. Other inhibitors.

Compound Structure EC50(lM) Reference

Lansoprazole N/A [43]

Omeprazole 10 [44]

Esomeprazole 70 [44]

Pantoprazole N/A [44]

SLC-0111 0.2 [45,46]

Cannabidiol 5.0 [47,48]

Ketotifen 10.0 [49,50]

Simvastatin 1.0 [51]

Sulphisoxazole 50.0 [52]

Table showing the exosome inhibitors that target other proteins, their potency
and their structures.
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lines) to acidify the extracellular medium were impaired after the
treatment of omeprazole, and the activity of V-Hþ-ATPase was
also inhibited. Similar results were obtained with esomeprazole
and pantoprazole. The evidence suggests that these three PPIs
could also be used to block exosome release. Another proton
exchanger carbonic anhydrase IX (CA IX) which overexpressed in
many types of cancers, also played an essential role in tumour pH
regulation60,61. Study showed that exosomes purified from the
plasma of prostate cancer patients express a high level of CA IX
than normal tissue and the concentration of CA IX at the plasma
membrane suggests an increased activity of the endosomal com-
partment, in turn, leading to exosome formation and extracellular
release62. All these results indicated that CA IX could be a new
therapeutic target to interfere exosome release in hypoxic
tumours. Moreover, currently, there is already one CA IX inhibitor
(SLC-0111) in Phase Ib/II clinical trials for the treatment of hypoxic,
metastatic tumors45,46,63–67. PPIs and CA IX inhibitors are both
inhibiting exosome release by regulating the pH of tumour micro-
environment. This strategy is novel and efficient, and provides
insight for the future development of exosome inhibitors.

Cannabidiol (CBD), which is a phytocannabinoid derived from
Cannabis sativa, has anti-inflammatory, analgesic, antineoplastic
and chemo-preventive activities, and has currently been used as a
anxiolytic47,48,68,69. Recently, it is found that CBD can block exo-
some and microvesicle (EMV) release70,71. Research data indicated
that CBD can block exosome release by 50% at 5 mM and it can
selectively inhibit the release exosomes from cancer cell lines
(prostate cancer PC3, hepatocellular carcinoma HEPG2 and breast
adenocarcinoma MDA-MB-231). Because of its selectivity, it is a
very promising agent without many side effects. The underlying
mechanism of CBD inhibiting exosome release is found related to
its CD63 interfering effect, because the expression of CD63 signifi-
cantly decreased in all three cell lines after 1 h CBD treatment. In
2018, Khan et al. has reported that Ketotifen (antihistamine), a
store-operated calcium channel blocking agent which is used as
mast cell stabiliser, has the ability to block exosome release49,50.
At 10 mM of ketotifen, the exosome released by HeLa, MCF7 and
BT549 cells decreased by 70%, 45% and 30%, respectively.
Surprisingly, the effect of ketotifen on exosome increases the sen-
sitivity of cancer cells to doxorubicin and also suppresses the

progression of cancer cells49,72. As ketotifen was reported to block
calcium influx into cells, and It is shown that exosome release was
regulated by calcium-dependent mechanisms, and inhibitors of
calcium entry into the cells reduce exosome release73,74.
Therefore, the mechanism of ketotifen inhibiting exosome release
might due to its calcium channel blocking effect. Furthermore, as
interfering the calcium channel could inhibit exosome release, so
apply calcium channel blocking agent might be a new strategy to
inhibit exosome release.

Simvastatin, which is often used to decrease elevated lipid lev-
els and the risk of heart problems in those at high risk, also exhib-
ited the ability to inhibit the secretion of exosome51. Data showed
that epithelial cells and monocytes treated with different concen-
trations of simvastatin for 24 h exhibited a significant reduction in
the level of secreted exosomes, and a significant reduction of
about 40% was noted at the 0.3mM dose of simvastatin, so its
exosome inhibitory effect was significant. Besides, the levels of
exosome-associated proteins were detected, and it is shown that
levels of Alix, CD63 and CD81 significantly decreased. Thus, reduc-
tion in the levels of exosome synthesising proteins may partly
explain the mechanisms of simvastatin-mediated reduction in exo-
some secretion. Eun-Ju Im et al. found that sulphisoxazole (SFX), a
sulphonamide antibacterial, has the ability to block exosome
release by targeting the endothelin receptor A74. SFX is an orally
administered FDA-approved drug without cytotoxicity at effective
doses, and this drug was first known to be a competitive inhibitor
of the enzyme dihydropteroate synthetase by preventing the con-
densation of pteridine with p-aminobenzoic acid, a substrate of
the enzyme in prokaryotic systems75. The exosome inhibitory
effect of SFX is conspicuous. At 50mM, the amount of exosome
released from MCF7 and MDA-MB231 cells decreased about 50%.
In addition, the expression of late endosomal proteins, such as
RAB7 and CD63, and RAB27a decreased in the presence of SFX.
Moreover, it is found that SFX significantly suppressed the levels
of a transcription factor MITF (Microphthalmia-associated transcrip-
tion factor), which can increase the expression of late endosomal
proteins76. Hence, the down-regulation of MITF might partly
explain the mechanism of SFX inhibiting exosome release. The
interactions between Sulphisoxazole and endothelin receptor A
are shown in Figure 3. By comparison, all these compounds are

Figure 3. The interactions between Sulphisoxazole and endothelin receptor A from molecular docking. (A) The pocket is shown in electrostatics representation. (B) The
two-dimensional schematic representation of the endothelin receptor A and Sulphisoxazole complex interactions. Red, yellow, blue and white ribbons: endothelin
receptor A. The binding surfaces are identified in grey. The molecular structures of Sulphisoxazole is displayed by purple ball-and-stick models. Green lines indicate pi-
pi stacking interactions, and purple dashed arrows represent sidechain hydrogen bond interactions. Polar and hydrophobic residues are depicted with green and pink
circles, respectively.
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different kinds of agents, they are used to treat different diseases,
but they have one thing in common, which is that they can
inhibit exosome release. Interestingly, the mechanisms of these
compounds blocking the secretion of exosome varies from each
other. This suggests that during the development of exosomal
inhibitors, effective agents can be discovered by aiming at differ-
ent stages of exosome biogenesis and secretion.

Conclusions

Exosomes are constantly released by most eukaryotic cells, they
were long considered as byproducts of membrane biosynthesis
and shedding77,78. Only currently, their role in cell-to-cell commu-
nications and multiple important biological functions of exosome
have been discovered79. The biogenesis/secretion and “cargo”
contents of exosomes are more regulated during cancer progres-
sion, and the exosome released from normal cells and cancer cells
are quantitatively and qualitatively different80–85. Current study
has shown that cancer progression occurs due to continuous
information exchange between the tumour cells and their stromal
microenvironment86. Exosomes can both induce and facilitate a
pro-tumoral microenvironment for the initiation of tumorigenesis,
and they can also regulate the immune response to prime tumour
progression and survival by promotion of angiogenesis, metastasis
and drug resistance10,87–89. Clinical studies showed that exosomes
are potential biomarkers in tumour diagnostics, and the increased
levels of exosomes might represent a hallmark of malignant can-
cers and could be used as an indicator of clinical status90. For
instance, researchers found that the level of exosome was
decreased after the treatment of imatinib on gastrointestinal stro-
mal tumor91. In colon cancer patients, a novel EV-associated can-
cer biomarker HSP60 was significantly decreased after the surgical
removal of the tumor92. Therefore, there are a great deal of proofs
on the clinical use of exosomes, and these results indicated that
exosomes are used as disease biomarkers. Therefore, the urge for
developing agents that may selectively target exosomes from can-
cer cells is significant. Moreover, as the exosome-associated pro-
teins and mechanisms have been studied for years, plenty of
agents have been developed to reduce release of exosomes from
cancer cells or reduce their uptake by the recipient cells93,94.
These compounds target different proteins and different stages of
exosome biogenesis process, they can be RAB27A inhibitors,
nSMase inhibitors, PPIs and calcium channel blocking agents, so
the mechanisms of these inhibitors are different. Additionally, with
further research, some compounds which are used clinically to
cure other diseases were found to have the ability to inhibit exo-
some release, like tipifarnib, ketoconazole, cambinol and simvasta-
tin. It is worth noting that some of these compounds, like
tipifarnib, ketoconazole, MA and CBD, only affect the exosome
released from tumour cells and have no effect on the exosome
secreted by normal cells, which is vital for drug development. As
the important roles of exosomes are widely understood, in the
future, exosome inhibitors will become increasingly important as
synergistic agents for cancer treatment. Hence, developing strat-
egies that target exosome-mediating physiological and patho-
logical communications between cells will have significant
therapeutic potential in cancers including other diseases. In a
word, it is crucial to develop pharmacological agents that can
selectively reduce exosome release, uptake without many side
effects, and the current research can provide a reference for future
drug development.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

We acknowledge the financial support from the National Natural
Science Foundation of China [Grant No. 81803374 to Jun Lu],
Shenzhen science and technology innovation fund [Grant No.
JCYJ20180302174121208 to Jun Lu].

ORCID

Huarui Zhang http://orcid.org/0000-0001-5008-3447
Jun Lu http://orcid.org/0000-0003-1625-8682

References

1. Johnstone RM, Adam M, Hammond JR, et al. Vesicle forma-
tion during reticulocyte maturation. Association of plasma
membrane activities with released vesicles (exosomes). J Biol
Chem 1987;262:9412–20.

2. Harding CV, Heuser JE, Stahl PD. Exosomes: looking back
three decades and into the future. J Cell Biol 2013;200:
367–71.

3. Schorey JS, Cheng Y, Singh PP, Smith VL. Exosomes and
other extracellular vesicles in host-pathogen interactions.
EMBO Rep 2015;16:24–43.

4. Kalluri R. The biology and function of exosomes in cancer. J
Clin Invest 2016;126:1208–15.

5. Valadi H, Ekstrom K, Bossios A, et al. Exosome-mediated
transfer of mRNAs and microRNAs is a novel mechanism of
genetic exchange between cells. Nat Cell Biol 2007;9:654–9.

6. Tkach M, Thery C. Communication by extracellular vesicles:
where we are and where we need to go. Cell 2016;164:
1226–32.

7. Costa-Silva B, Aiello NM, Ocean AJ, et al. Pancreatic cancer
exosomes initiate pre-metastatic niche formation in the liver.
Nat Cell Biol 2015;17:816–26.

8. Hoshino A, Costa-Silva B, Shen TL, et al. Tumour exosome
integrins determine organotropic metastasis. Nature 2015;
527:329–35.

9. Gangoda L, Boukouris S, Liem M, et al. Extracellular vesicles
including exosomes are mediators of signal transduction:
are they protective or pathogenic? Proteomics 2015;15:
260–71.

10. Ohno S, Drummen GP, Kuroda M. Focus on extracellular
vesicles: development of extracellular vesicle-based thera-
peutic systems. Int J Mol Sci 2016;17:172.

11. Pitt JM, Kroemer G, Zitvogel L. Extracellular vesicles: masters
of intercellular communication and potential clinical inter-
ventions. J Clin Invest 2016;126:1139–43.

12. Spugnini EP, Logozzi M, Di Raimo R, et al. A role of tumor-
released exosomes in paracrine dissemination and metasta-
sis. Int J Mol Sci 2018;19:pii:E3968.

13. Milane L, Singh A, Mattheolabakis G, et al. Exosome medi-
ated communication within the tumor microenvironment. J
Con Release 2015;219:278–94.

14. Martin LA, Head JE, Pancholi S, et al. The farnesyltransferase
inhibitor R115777 (tipifarnib) in combination with tamoxifen
acts synergistically to inhibit MCF-7 breast cancer cell

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1327



proliferation and cell cycle progression in vitro and in vivo.
Mol Cancer Ther 2007;6:2458–67.

15. Haluska P, Dy GK, Adjei AA. Farnesyl transferase inhibitors as
anticancer agents. Eur J Cancer 2002;38:1685–700.

16. Datta A, Kim H, McGee L, et al. High-throughput screening
identified selective inhibitors of exosome biogenesis and
secretion: a drug repurposing strategy for advanced cancer.
Sci Rep 2018;8:8161.

17. Sella A, Kilbourn R, Amato R, et al. Phase II study of ketocon-
azole combined with weekly doxorubicin in patients with
androgen-independent prostate cancer. J Clin Oncol 1994;
12:683–8.

18. Johnson JL, Ramadass M, He J, et al. Identification of neutro-
phil exocytosis inhibitors (Nexinhibs), small molecule inhibi-
tors of neutrophil exocytosis and inflammation: druggability
of the small GTPase Rab27a. J Biol Chem 2016;291:
25965–82.

19. Colombo M, Raposo G, Thery C. Biogenesis, secretion, and
intercellular interactions of exosomes and other extracellular
vesicles. Annu Rev Cell Dev Biol 2014;30:255–89.

20. Airola MV, Shanbhogue P, Shamseddine AA, et al. Structure
of human nSMase2 reveals an interdomain allosteric activa-
tion mechanism for ceramide generation. Proc Natl Acad Sci
U S A 2017;114:E5549–58.

21. Verderio C, Gabrielli M, Giussani P. Role of sphingolipids in
the biogenesis and biological activity of extracellular
vesicles. J Lipid Res 2018;59:1325–40.

22. Trajkovic K, Hsu C, Chiantia S, et al. Ceramide triggers bud-
ding of exosome vesicles into multivesicular endosomes.
Science 2008;319:1244–7.

23. Asai H, Ikezu S, Tsunoda S, et al. Depletion of microglia and
inhibition of exosome synthesis halt tau propagation. Nat
Neurosci 2015;18:1584–93.

24. Shanbhogue P, Hannun YA. Exploring the therapeutic land-
scape of sphingomyelinases. Handb Exp Pharmacol 2018;29:
5–13.

25. Luberto C, Hassler DF, Signorelli P, et al. Inhibition of tumor
necrosis factor-induced cell death in MCF7 by a novel inhibi-
tor of neutral sphingomyelinase. J Biol Chem 2002;277:
41128–39.

26. Lallemand T, Rouahi M, Swiader A, et al. nSMase2 (Type 2-
Neutral Sphingomyelinase) Deficiency or Inhibition by
GW4869 Reduces Inflammation and Atherosclerosis in
Apoe(–/–) Mice. Arterioscler Thromb Vasc Biol 2018;38:
1479–92.

27. Datta A, Kim H, Lal M, et al. Manumycin A suppresses exo-
some biogenesis and secretion via targeted inhibition of
Ras/Raf/ERK1/2 signaling and hnRNP H1 in castration-resist-
ant prostate cancer cells. Cancer Lett 2017;408:73–81.

28. Shamseddine AA, Airola MV, Hannun YA. Roles and regula-
tion of neutral sphingomyelinase-2 in cellular and patho-
logical processes. Adv Biol Regul 2015;57:24–41.

29. Li J, Liu K, Liu Y, et al. Exosomes mediate the cell-to-cell
transmission of IFN-alpha-induced antiviral activity. Nat
Immunol 2013;14:793–803.

30. Takahashi A, Okada R, Nagao K, et al. Exosomes maintain
cellular homeostasis by excreting harmful DNA from cells.
Nat Commun 2017;8:15287.

31. Figuera-Losada M, Stathis M, Dorskind JM, et al. Cambinol, a
novel inhibitor of neutral sphingomyelinase 2 shows neuro-
protective properties. PLoS One 2015;10:e0124481.

32. Barbone AG, Jackson AC, Ritchie DM, Argentieri DC. Robotic
assay of sphingomyelinase activity for high throughput
screening. Meth. Enzymol 2000;311:168–76.

33. Krut O, Wiegmann K, Kashkar H, et al. Novel tumor necrosis
factor-responsive mammalian neutral sphingomyelinase-3 is
a C-tail-anchored protein. J Biol Chem 2006;281:13784–93.

34. Rojas C, Barnaeva E, Thomas AG, et al. DPTIP, a newly identi-
fied potent brain penetrant neutral sphingomyelinase 2
inhibitor, regulates astrocyte-peripheral immune communi-
cation following brain inflammation. Sci Rep 2018;8:17715.

35. Essandoh K, Yang L, Wang X, et al. Blockade of exosome
generation with GW4869 dampens the sepsis-induced
inflammation and cardiac dysfunction. Biochim Biophys Acta
2015;1852:2362–71.

36. Wang X, Huang W, Liu G, et al. Cardiomyocytes mediate
anti-angiogenesis in type 2 diabetic rats through the exoso-
mal transfer of miR-320 into endothelial cells. J Mol Cell
Cardiol 2014;74:139–50.

37. Guo BB, Bellingham SA, Hill AF. The neutral sphingomyeli-
nase pathway regulates packaging of the prion protein into
exosomes. J Biol Chem 2015;290:3455–67.

38. Menck K, Sonmezer C, Worst TS, et al. Neutral sphingomyeli-
nases control extracellular vesicles budding from the plasma
membrane. J Extracell Vesicles 2017;6:1378056.

39. Kulshreshtha A, Ahmad T, Agrawal A, Ghosh B.
Proinflammatory role of epithelial cell-derived exosomes in
allergic airway inflammation. J Allergy Clin Immunol 2013;
131:1194–203, 1203 e1-14.

40. Kosaka N, Iguchi H, Yoshioka Y, et al. Secretory mechanisms
and intercellular transfer of microRNAs in living cells. J Biol
Chem 2010;285:17442–52.

41. Arenz C, Gartner M, Wascholowski V, Giannis A. Synthesis
and biochemical investigation of scyphostatin analogues as
inhibitors of neutral sphingomyelinase. Bioorg Med Chem
2001;9:2901–4.

42. Nara F, Tanaka M, Masuda-Inoue S, et al. Biological activities
of scyphostatin, a neutral sphingomyelinase inhibitor from a
discomycete, Trichopeziza mollissima. J Antibiot (Tokyo)
1999;52:531–5.

43. Federici C, Petrucci F, Caimi S, et al. Exosome release and
low pH belong to a framework of resistance of human mel-
anoma cells to cisplatin. PLoS One 2014;9:e88193.

44. Luciani F, Spada M, De Milito A, et al. Effect of proton pump
inhibitor pretreatment on resistance of solid tumors to cyto-
toxic drugs. J Natl Cancer Inst 2004;96:1702–13.

45. Supuran CT, Winum JY. Carbonic anhydrase IX inhibitors in
cancer therapy: an update. Future Med Chem 2015;7:
1407–14.

46. Hedlund EE, McDonald PC, Nemirovsky O, et al. Harnessing
induced essentiality: targeting carbonic anhydrase IX and
angiogenesis reduces lung metastasis of triple negative
breast cancer xenografts. Cancers (Basel) 2019;11:pii:E1002.

47. Mechoulam R, Parker LA, Gallily R. Cannabidiol: an overview
of some pharmacological aspects. J Clin Pharmacol 2002;42:
11S–9S.

48. Blessing EM, Steenkamp MM, Manzanares J, Marmar CR.
Cannabidiol as a potential treatment for anxiety disorders.
Neurotherapeutics 2015;12:825–36.

49. Khan FM, Saleh E, Alawadhi H, et al. Inhibition of exosome
release by ketotifen enhances sensitivity of cancer cells to
doxorubicin. Cancer Biol Ther 2018;19:25–33.

1328 H. ZHANG ET AL.



50. Franzius D, Hoth M, Penner R. Non-specific effects of cal-
cium entry antagonists in mast cells. Pflugers Arch 1994;428:
433–8.

51. Kulshreshtha A, Singh S, Ahmad M, et al. Simvastatin medi-
ates inhibition of exosome synthesis, localization and secre-
tion via multicomponent interventions. Sci Rep 2019;9:
16373.

52. Im EJ, Lee CH, Moon PG, et al. Sulfisoxazole inhibits the
secretion of small extracellular vesicles by targeting the
endothelin receptor A. Nat Commun 2019;10:1387.

53. Parolini I, Federici C, Raggi C, et al. Microenvironmental pH
is a key factor for exosome traffic in tumor cells. J Biol
Chem 2009;284:34211–22.

54. Logozzi M, Mizzoni D, Angelini DF, et al.
Microenvironmental pH and Exosome Levels Interplay in
Human Cancer Cell Lines of Different Histotypes. Cancers
(Basel) 2018;10:370.

55. Fais S, De Milito A, You H, Qin W. Targeting vacuolar Hþ-
ATPases as a new strategy against cancer. Cancer Res 2007;
67:10627–30.

56. Taylor S, Spugnini EP, Assaraf YG, et al. Microenvironment
acidity as a major determinant of tumor
chemoresistance:Proton pump inhibitors (PPIs) as a novel
therapeutic approach. Drug Resist Updat 2015;23:69–78.

57. Fais S. Evidence-based support for the use of proton pump
inhibitors in cancer therapy. J Transl Med 2015;13:368.

58. Canitano A, Iessi E, Spugnini EP, et al. Proton pump inhibi-
tors induce a caspase-independent antitumor effect against
human multiple myeloma. Cancer Lett 2016;376:278–83.

59. De Milito A, Fais S. Tumor acidity, chemoresistance and pro-
ton pump inhibitors. Future Oncol 2005;1:779–86.

60. Spugnini EP, Sonveaux P, Stock C, et al. Proton channels
and exchangers in cancer. Biochim Biophys Acta 2015;1848:
2715–26.

61. Iessi E, Logozzi M, Mizzoni D, et al. Rethinking the combin-
ation of proton exchanger inhibitors in cancer therapy.
Metabolites 2017;8:2.

62. Logozzi M, Mizzoni D, Capasso C, et al. Plasmatic exosomes
from prostate cancer patients show increased carbonic
anhydrase IX expression and activity and low pH. J Enzyme
Inhib Med Chem 2020;35:280–8.

63. Logozzi M, Capasso C, Di Raimo R, et al. Prostate cancer
cells and exosomes in acidic condition show increased car-
bonic anhydrase IX expression and activity. J Enzyme Inhib
Med Chem 2019;34:272–8.

64. Supuran CT, Alterio V, Di Fiore A, et al. Inhibition of carbonic
anhydrase IX targets primary tumors, metastases, and cancer
stem cells: three for the price of one. Med Res Rev 2018;38:
1799–836.

65. Lucarini L, Magnelli L, Schiavone N, et al. Plasmatic carbonic
anhydrase IX as a diagnostic marker for clear cell renal cell
carcinoma. J Enzyme Inhib Med Chem 2018;33:234–40.

66. Lin C, Wong BCK, Chen H, et al. Pulmonary delivery of trip-
tolide-loaded liposomes decorated with anti-carbonic anhy-
drase IX antibody for lung cancer therapy. Sci Rep 2017;7:
1097.

67. Riemann A, Guttler A, Haupt V, et al. Inhibition of carbonic
anhydrase IX by ureidosulfonamide inhibitor U104 reduces
prostate cancer cell growth, but does not modulate dauno-
rubicin or cisplatin cytotoxicity. Oncol Res 2018;26:191–200.

68. Martin-Moreno AM, Reigada D, Ramirez BG, et al.
Cannabidiol and other cannabinoids reduce microglial

activation in vitro and in vivo: relevance to Alzheimer’s dis-
ease. Mol Pharmacol 2011;79:964–73.

69. Pisanti S, Malfitano AM, Ciaglia E, et al. Cannabidiol: state of
the art and new challenges for therapeutic applications.
Pharmacol Ther 2017;175:133–50.

70. Kosgodage US, Mould R, Henley AB, et al. Cannabidiol (CBD)
Is a Novel Inhibitor for Exosome and Microvesicle (EMV)
release in cancer. Front Pharmacol 2018;9:889.

71. Kosgodage US, Uysal-Onganer P, MacLatchy A, et al.
Cannabidiol affects extracellular vesicle release, miR21 and
miR126, and reduces prohibitin protein in glioblastoma mul-
tiforme cells. Transl Oncol 2019;12:513–22.

72. Kim HJ, Park MK, Kim SY, Lee CH. Novel suppressive effects
of ketotifen on migration and invasion of MDA-MB-231 and
HT-1080 cancer cells. Biomol Ther (Seoul) 2014;22:540–6.

73. Soboloff J, Zhang Y, Minden M, Berger SA. Sensitivity of
myeloid leukemia cells to calcium influx blockade: applica-
tion to bone marrow purging. Exp Hematol 2002;30:
1219–26.

74. Savina A, Furlan M, Vidal M, Colombo MI. Exosome release
is regulated by a calcium-dependent mechanism in K562
cells. J Biol Chem 2003;278:20083–90.

75. Hong YL, Hossler PA, Calhoun DH, Meshnick SR. Inhibition of
recombinant Pneumocystis carinii dihydropteroate synthe-
tase by sulfa drugs. Antimicrob Agents Chemother 1995;39:
1756–63.

76. Chiaverini C, Beuret L, Flori E, et al. Microphthalmia-associ-
ated transcription factor regulates RAB27A gene expression
and controls melanosome transport. J Biol Chem 2008;283:
12635–42.

77. Iraci N, Leonardi T, Gessler F, et al. Focus on extracellular
vesicles: physiological role and signalling properties of extra-
cellular membrane vesicles. Int J Mol Sci 2016;17:171.

78. Delmas C, End D, Rochaix P, et al. The farnesyltransferase
inhibitor R115777 reduces hypoxia and matrix metalloprotei-
nase 2 expression in human glioma xenograft. Clin Cancer
Res 2003;9:6062–8.

79. Zhang HG, Grizzle WE. Exosomes: a novel pathway of local
and distant intercellular communication that facilitates the
growth and metastasis of neoplastic lesions. Am J Pathol
2014;184:28–41.

80. Isola AL, Eddy K, Chen S. Biology, therapy and implications
of tumor exosomes in the progression of melanoma.
Cancers (Basel) 2016;8:110.

81. Nuzhat Z, Kinhal V, Sharma S, et al. Tumour-derived exosomes
as a signature of pancreatic cancer – liquid biopsies as indica-
tors of tumour progression. Oncotarget 2017;8:17279–91.

82. Allenson K, Castillo J, San Lucas FA, et al. High prevalence of
mutant KRAS in circulating exosome-derived DNA from
early-stage pancreatic cancer patients. Ann Oncol 2017;28:
741–7.

83. Chin AR, Wang SE. Cancer-derived extracellular vesicles: the
‘soil conditioner’ in breast cancer metastasis? Cancer
Metastasis Rev 2016;35:669–76.

84. Di Vizio D, Morello M, Dudley AC, et al. Large oncosomes in
human prostate cancer tissues and in the circulation of mice
with metastatic disease. Am J Pathol 2012;181:1573–84.

85. Yu JL, May L, Lhotak V, et al. Oncogenic events regulate tis-
sue factor expression in colorectal cancer cells: implications
for tumor progression and angiogenesis. Blood 2005;105:
1734–41.

86. Wang M, Xu M, Long Y, et al. High throughput cell-based
assay for identification of glycolate oxidase inhibitors as a

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1329



potential treatment for Primary Hyperoxaluria Type 1. Sci
Rep 2016;6:34060.

87. De Toro J, Herschlik L, Waldner C, Mongini C. Emerging roles
of exosomes in normal and pathological conditions: new
insights for diagnosis and therapeutic applications. Front
Immunol 2015;6:203

88. Salem KZ, Moschetta M, Sacco A, et al. Exosomes in tumor
angiogenesis. Methods Mol Biol 2016;1464:25–34.

89. Lobb RJ, Lima LG, Moller A. Exosomes: key mediators of
metastasis and pre-metastatic niche formation. Semin Cell
Dev Biol 2017;67:3–10.

90. Zocco D, Ferruzzi P, Cappello F, et al. Extracellular vesicles
as shuttles of tumor biomarkers and anti-tumor drugs. Front
Oncol 2014;4:267.

91. Ogorevc E, Kralj-Iglic V, Veranic P. The role of extracellular
vesicles in phenotypic cancer transformation. Radiol Oncol
2013;47:197–205.

92. Campanella C, Rappa F, Sciume C, et al. Heat shock protein
60 levels in tissue and circulating exosomes in human large
bowel cancer before and after ablative surgery. Cancer
2015;121:3230–9.

93. Hessvik NP, Llorente A. Current knowledge on exosome
biogenesis and release. Cell Mol Life Sci 2018;75:
193–208.

94. Zhang Y, Liu Y, Liu H, Tang WH. Exosomes: biogenesis,
biologic function and clinical potential. Cell Biosci 2019;
9:19.

1330 H. ZHANG ET AL.


