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Abstract

Glioblastoma (GB) is one of the most aggressive and difficult-to-treat brain tumors, with a poor prognosis and limited treat-
ment options. In recent years, sonodynamic therapy (SDT) and magnetic resonance focused ultrasound (MRgFUS) have
emerged as promising approaches for the treatment of GB. SDT uses ultrasound waves in combination with a sonosensitizer
to selectively damage cancer cells, while MRgFUS delivers high-intensity ultrasound waves to precisely target tumor tis-
sue and disrupt the blood—brain barrier to enhance drug delivery. In this review, we explore the potential of SDT as a novel
therapeutic strategy for GB. We discuss the principles of SDT, its mechanisms of action, and the preclinical and clinical
studies that have investigated its use in Gliomas. We also highlight the challenges, the limitations, and the future perspectives
of SDT. Overall, SDT and MRgFUS hold promise as novel and potentially complementary treatment modalities for GB.
Further research is needed to optimize their parameters and determine their safety and efficacy in humans, but their potential
for selective and targeted tumor destruction makes them an exciting area of investigation in the field of brain cancer therapy.
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Introduction

Gliomas represent about 25% of all primary brain tumors,
encompassing malignant and not malignant subtypes [1].
IDH-wildtype glioblastoma (2022 WHO grade 4) exhibited
the highest age-adjusted incidence rates and is considered
the most aggressive variant, characterized by an extremely
aggressive biological behavior resulting in a poor outcome
[2]. Despite the enormous progress in biotechnology and
medicine field, life expectancy of glioblastoma (GB) patients
has improved only slightly over the last 30 years.

As a matter of fact, if untreated, GB’s median sur-
vival means is 3 months [3]. Interestingly, the standard

P< Lapo Bonosi
lapo.bonosi @ gmail.com

Department of Biomedicine Neurosciences and Advanced
Diagnostics, School of Medicine, Neurosurgical Clinic,
AOUP “Paolo Giaccone”, Post Graduate Residency Program
in NeurologiSurgery, University of Palermo, 90127 Palermo,
Italy

IRCCS Centro Neurolesi Bonino-Pulejo, Messina, Italy

management of GB has not changed since Roger Stupp
published his work [4].

Recently, supramarginal resection or, where possible,
excision of the hyperintense area in FLAIR sequences in
MRI (so-called Flair-ectomy) has been shown to be associ-
ated with improvement in both overall survival (OS) and
progression free survivor (PFS), although not always execut-
able, especially in lesions involving eloquent brain areas [5,
6].

Other therapeutic strategies tested included anti-angio-
genic therapy and immunotherapy, though they did not show
significant improvement in OS [7]. Some authors also advo-
cated the importance of palliative care to increase the quality
of life in patients affected from this tremendous tumor [8, 9].

In the era of genomic and molecular genetics, in which
it is possible to investigate all the potential metabolic land-
scape of the disease, new treatment strategy is going to
rely more on biochemical and immunological treatments
[10-12].

Various new treatments have been proposed over the
years, regarding use of CAR T cells [13], molecular agents
enhancing the effect of radiotherapy (RT) [14], up to the
application of high and low intensity focus ultrasound [15].
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In this context, sonodynamic therapy (SDT) seems to
become a promising treatment, offering the possibility
of non-invasively eradicate solid tumor in a site-directed
manner, employing compounds that become cytotoxic
after being exposed to low intensity ultrasound [16]. The
importance of this kind of treatment could gain an added
value considering the possibility of deep lesion-targeting
thanks to the significant depth that low-intensity ultra-
sound penetrates tissue, not damaging surround brain
parenchyma and the chance of aiming directly to cancer
stem cells (found to be vital cells for proliferation, dif-
ferentiation, and treatment resistance of the GB) [17-20]

Remarkably, the possibility of impairing the brain blood
barrier (BBB) is another weapon in neurosurgical arma-
mentarium, making easier the access of chemical agents
[20, 21].

Our review aims to provide a current view of the use
of focused ultrasound, and particularly SDT, in the man-
agement of GB, starting with their mechanism of action
in vitro and in animal models and ending with current or

Fig.1 PRISMA Flow Diagram

future clinical trials, exploring the limitations and poten-
tial of such treatment.

Materials & Methods
Search of the literature

Preferred Reporting Items for Systematic reviews and
Meta-analyses guidelines (PRISMA) were followed to
conduct and report this systematic literature review [22]
(Fig. 1).

We performed a broad systematic literature search in
different online scientific libraries (Pubmed/MEDLINE,
Cochrane Library and ClinicalTrial.Gov) for all studies
investigating the efficacy and feasibility of SDT in GB
treatment. The protocol of this review has been prospec-
tively registered in Open Science Framework and it is pub-
licly available online at https://doi.org/10.17605/OSF.10/
FW4QS.

Identification of studies via databases and registers

Records removed before
5 screening:
= Duplicate records removed
3] Total Records identified from: (n=128)
= >
= PubMed Database ® (n = 373) Records marked as ineligible
S by automation tools (n = 0)
S Records removed for other
reasons (n = 0)
v
Records excluded (n = 157)
Records screened ——»| For title (n = 104)
(n = 245) For Abstract (n = 53)
\ 4
Reports sought for retrieval Reports not retrieved
—>
> (n =88) (n=0)
=
[}
e
& v
Reports assessed for eligibility Reports excluded (n = 65)
(n = 88) - Focus on BBB disruption (n =
39)
Systematic Review or Meta-
analysis (n = 16)
Other reasons (n = 10)
\4
3 Studies included in review
3 (n=23)
S Reports of included studies
5 (n=23)

@ Springer


https://doi.org/10.17605/OSF.IO/FW4QS
https://doi.org/10.17605/OSF.IO/FW4QS

Journal of Neuro-Oncology (2023) 163:219-238

221

We searched for studies published up to the 15th of
September 2022 without backward limits, using the fol-
lowing MeSH terms “Glioblastoma” AND “Focused Ultra-
sound”, “Glioblastoma” AND “FUS”, “Glioblastoma”
AND “MRgFUS”, “Glioblastoma” AND “Sonodynamic
therapy®, “Glioblastoma” AND “High intensity Focused
Ultrasound”, “Glioblastoma” AND “HIFU”, “Glioblas-
toma” AND “Sonodynamic” AND “therapy”, “Gliomas”
AND “Sonodynamic therapy®, “Glioblastoma” AND
“focused ultrasound” AND “sonosensitizer”, “Glioma”
AND “focused ultrasound” AND “sonosensitizer”.

To avoid the potential omission of relevant studies we
also manually screened reference lists of articles included
and previous systematic reviews and meta-analyses regard-
ing the topic. Duplicate articles were eliminated using
Microsoft Excel 16.37 (Redmond, WA, USA).

Study selection

The studies included in our paper were both studies in vitro
and in vivo using animal models, and ongoing clinical trials.
The proof-of-concept of our research was trying to under-
stand the effect of SDT on Glioma/GB cell line and then the
feasibility, efficacy, and safety of its application firstly in
animal model and then in the clinical practice, evaluating
the ongoing clinical trials.

The research strategy initially relied on title and abstract
analysis. The article’s full text was retrieved for further
investigation if the title and abstract met the inclusion crite-
ria. The data collection process was conducted without using
any automated tools. The research was conducted by two
different authors separately (U.E.B and K.G) and eventu-
ally refined by a third author (L.B). No ethical approval was
required for this study.

Eligibility criteria

The articles were selected according to the following inclu-
sion criteria:

e Full article in English.

e Studies in a preclinical phase (‘in vitro’ and ‘in vivo’
study).

e Case report, case series, retrospective study, prospective
study and clinical trials.

e Patients age > 18.

e Patients affected by glioblastoma treated with SDT.

Exclusion criteria:

e Articles not in English.

e [Editorials, books, systematic reviews, and meta-analysis.

e Patients age < 18.

e Patients treated with focused ultrasound used to perform
a disruption in brain-blood-barrier (BBB).

e Studies evaluating focused ultrasound therapy but not
focusing on SDT.

Data extraction

According to the criteria above, all articles were identi-
fied by two reviewers (K.G. and U.E.B.). In case of a dis-
crepancy, a third author (L.B.) arbitrated until a consensus
among the authors was reached.

The extracted data included the following: publication’s
year, author, study design, patients’ number, patients’ mean
age and gender, type of cells or animals, aim of the study
and results of the study.

Results
Data selection

Our initial research carried out through Pubmed identified
a total of 373 articles. We excluded 128 duplicated articles,
then we performed a further screening based upon title and
abstract reading, eliminating 157 articles.

Finally, after a full text reading and a detailed examina-
tion, 65 articles were excluded, because either they were
focusing only on the effect of focused ultrasound on BBB
disruption (39 articles) or they were reviewing previous sci-
entific works (16 articles) or lastly because they were not
inherent with the purpose of this review, including finally
23 studies in our systematic review, according to PRISMA
flow diagram inclusion criteria.

The characteristics of included articles are the following
ones: publication’s year, author, study design, type of cells
and animal model (respectively for the ‘in vitro’ and for the
‘in vivo’ studies), aim of the study and results of the study.

The articles were eventually divided in three tables,
including studies ‘in vitro’ and studies ‘in vivo’ on animal
models (Tables 1, 2).

Using “Sonodynamic Therapy* AND “Glioblastoma”
and “Focused Ultrasound” AND “Glioblastoma” as MeSH
terms, another research on ClinicalTrial. Gov was performed,
identifying a total of 11 trials. After exclusion criteria were
applied, only four trials were included in the review.

The characteristics of included trials are the following
ones: title of the trial, identifier, status, interventions charac-
teristics, aim of the study and locations of the trial (Table 3).

@ Springer



Journal of Neuro-Oncology (2023) 163:219-238

222

dnoi3 [onuos ur %001
‘SA 909> sem dnoi3 1S
ur AITIqeIA [[0D) A[oAT)
-0adsar uonesruosur g 4
‘81 T80y T 1 10Ye
%8 EFEOL “BTYFY'ST
BIYFEIT%OTFS YT
%Y YFTOE%EECTFIT9
‘%99F S V6 ‘%6'LF896

QIe S9JeI [BAIAINS YL,

%01 U3yl SS9

Jo swmnjoA proxayds ur uon
-ONpaI & 0) Spea| AJIsusjul
Qwes ay) Je duore SN
senuod uJ "9(¢ noqe £q
winjoA prorayds ur uon
-ONpal B SISNED [ WO/M

9°0 Jo Ayisuajur ue e 1S

(96 > a1e1 onoydode)
dnoi3 jonuoo 0} uostred
-wod ut (%9°TF1'61)
sisojdode ur asearour Jued
-YIuSIs pamoys wnipaw
pojuawsrddns-wnrored

uorssardxe urayord THHN
Sursea1oop £q pue aur|
1199 9D JUBISISAI-ZIALL

ur AJfiqe uoneisru

oY) uyeaMm 0} Z-dININ
passaxddns se [jom se
‘surojord stsoydode
Kemyjed [eLIpUOYO0)TW JO
uoIssaidxo ay) pasueyuo
LAS Wim 1041301 ZINL

U20M}3q UOTIBUIQUIOD AT,

sproxayds

JOWN} [BUOISUWIP-I)
se MoI3 0} S[[ed ewoI3
pajean jo Ajiqe ay)
SHqIYUI AUeSYIUSIS
NI Wim 1013030)
BZSOJIV JOZNISUdsouos

1) Jo uoneAnOR SN

sisojdode paonpur

-1LdsS oy ut 9fox & skerd
PEO[ISAO TBD) Jel[} PIMOYS
Sem )1 ‘ouofe punosenyn
Kq pajerpaw s[[ed ewor3
9D jo 9ye1 onoydode oy

pasoxdwr gINNH pue
punosen[n [9AS[-MO[

V/N :Sunutf
LUO/M T Kyisudjuy
ZHIA 1:Aouanbaig

urw ¢ :Jurwy,
9°0 10 ‘40 ‘70 :Avsueiuy
ZHIN | :Aouonbarg

urw | :Surwry,
ZUI/M 0T Kysuajup

1ds

Im 19410303 (ZIALL)

QPIWIO[0ZOW?) JO UOT)

-eordde jo uoneurquod
JO 10912 9U) 9JeNn[eAd O,

uroAwoarg
yIm 10y)a30) (23puof
-nsip autuvfoo)pyiyd
wnupun]yyeg SOdIv
19Z1)ISUISOUOS )
Jo uoneanse SN Jo
Koeoyjo oy} Jen[eAd o,
Kdexo
(HININH) Joyse [Aypow
-ouow urifydiodojeway
pue punosen|n [9AJ[
Mo[ Aq pajeIpauu S[[0
ewol3 9D jo sisojdode
04714 U1 9U) UI PRO[IOAO
wnioed Ie[nedeul

[L2] 'Te 10 uayD

s[porwon3 90 LI0T oana uf

S[[99 BWOI[S 6] odjra uf  [97] T 19 so[eZUOD)

910¢

ur Juouean 1ds oylL JO 9sn pauIquiod Y], ZHIA §°0 :Aouonbary  Jo ojo1 oy 9e3nsoAul o, S[199 ewol[s 9O $102 o414 uf [¢z] ‘Te 10 oYy
(%01 F58°8¢ a[qndoosns ssof
"SA %LO'8F €1'E9) SI199 Apueoyrugis a1om sOSO
eworS 16z oyl uey) Inq ‘s[[ed BwWOIS 167N wn | sSurang IOZT)ISUQSOUOS B SB
(10°0 > "d) 911 sisoydode pue sDSO yloq pasewrep : T urjojoyd suisn 1gS 03
Iomol Apueoyrugis e pey LS 1Y) pamoys sKesse WU/ MG O-ANSUAN] [ ez pue sHSO Jo AIIq S[[99
sDSD ‘sdnoid 1S oy ur  sisoydode pue Kyfiqera [0 ZHIN 0'T :Aouenbary  -ndoosns ayy aredwod of, YI[-WA)s BWOIS (67N 2102 o414 uy [¥2] T8 1o nx
plieliveicehil
Juore g 03 uostredwod Ioznisuasojoyd
ur A[oAnoadsar ‘s ()¢ pue ®© Sk urjojoyd Suisn
GI ‘G I0] %6°0F 6°C pue S[[99 ewoI[3 § 06 10 G| °C Jo uonEIng S[[99 Jown) o1Ad01SE
‘BOYFOEI'USLIFLTS urssardxo-JIN-go - : jueu3IeW UO puUNoOsen|n
: LS SUIMO[[0] PaAIaSqO /a1 ut Sury 99 SN ZHIN $6'0 :Aouanbaig ANSuQUI-MO[ JO KoBD S[[0o ewor[3
sem Sury [[90 10YSTY  PAdURYUD J(JS-ULOIOYJ AU/ ME0 Ksuaug -gjo o ESNSAAUT O, DINISTN PUe DINSOIN 6002 oqrauy  [gg] 'Te 19 1ysekey
Jeok
uoneostq
QwoonQ) S)nsoy s1ojoweIed wry S[190 Jo adAJ, -qng uStsep ApmiS SOOUAIJIY

MOTAQI ) UT POPN[OUT SAIPNIS 0NIA UI, jo Arewrwing | djqeL

pringer

Qs



223

Journal of Neuro-Oncology (2023) 163:219-238

dnoi13

[01U0d Ul %66 < sa dnoi3d
LdS Ul %0 > Sem alel [[90
[BAIAING "% G € F LT1°6T
:dnoi3 1S jJo onex sis

SOd

Jo uononpoid oy eI
S[[90 gD Ul AJIOTX0J0IAD
8213 2onpur p[nod LS

urw-¢ :Jurwr,
WU/ MTE 0 “Ansuayug

o uewiny
uo SINAAJ paurquiod
1S JO 109y Jown}

-0109u pue sisoydode oy, pajeIpow-SINAAC UL ZH | :Aouanbaig -nue oy} 9JeSNSAAUT 0],  S[[90 gD uewny DIAL8N 1202 o414 uJ [z€] 'Te 10 uays
qIX099[0
pue 1S ym Adeayy
uoneuIqUIOd Y AqQ
pa3uojoid porrad [ea1AIns [opow BwOI[3 Jurreaq
pUE 9Jel [BATAINS IOIOJN  -DSD 9Snou & pue sHSOH
—uerdey] *dno13 jonuoo Suowre Aoeo1yye Jowm) ttp 7 gy, S[[90 WIS ewWOI[3
Ul 90> SA %(L <Sem  -TJUB PIOUBYUD Ul PJ[NSAI , : \n o asnow ur JoNqIYUI 7x0)
LdS 191§e sAep [ 18 qIX0dJ[9d puE LS Wim IO/M T AT By I JS JO 1090
uononpar swn[oa Jown],  Aderoy) uoneurquod oy, ZHIN | :Aouanbaig JOWN)-NUE ) SSASSB O, S[[9 WS BUWIONS 9SNOJA 120T o414 uJ [1€] 'Te 10 ouoys
sour| [0
gD T uo (SN) punos
[01u095 0y pared -en[n pasnooj Aouanbaiy
-woo A[ANoadsar ‘9 /1 auofe §NA i ¢ *Supooy, 41y pue (VIv-5)
Pue ‘%97 ‘%6 Jo sdnoid 10 YIV-G 03 paredwod : T QPLIO[YD0IPAY pIoe
LdS Pue ‘SN “VIV-S 10 S Y3eap [[90 gD 9Iqe U/M 01 ANSUL Hrurpnasjourury-g Sursn S[[90 gD uewny
K)[IGRIA [[90 UI SUOIONPAX -10a1dde ur paynsar 1 s ZHIN | Aouenbary 1S 10910 oy Apnis o, £80 Pue S[[20 ewoI[3 9D 0202 oaauy  [og] ‘T8 12 ueyedys
dnoi3 jonuod
ur 9,6 >sa dnois 1gs ur
%G¢ < sem de1 onoydody dINIA Jo uononpar
‘A[oan)oadsar ‘uonjeuosur & pue SO Jo uononpoid 04714 U1 ST[3d BWOI[S 9D
s Og] pue .oolo.o 0€ ‘0 @owwﬁoﬁ ue vw>oﬁ sem (5 0€ JO [EAIOI) S OZ uo (FININH) 1oyie [Aypow
e %1€ F LT pue 11 ‘1oA0dI0W ‘sisoydode 0} ( WOy powres :Sur] -ouow urikydiodojewroy
UL TREE UTYTFE9 Kemyjed [eusIs [eLIpuoyd Eo\>>. . .\A.ﬁmﬁ.suﬁ Aq pajerpaw 1S Jo
‘BTSTFIE] ‘ UV TFVL6 -0JIW AU} PASLAIOUT U0} z A SWISTUBYOW PUE JO9JJ2
QIe SOJBI [RATAINS 9UJ, -BUIqUIOD FININH Pue 1dS ZHA 1:Kouenbary onoydode oy ojeSnsoaur of, S[190 ewor[S 9O 6102 o414 uJ [62] TR TR
K1oAny S[[90 [ewIou Jo A)Iqera
-0adsar ‘dnoi3 (S pue ) UI POATISQO QIOM
punosenn Wwo/m S0 soSueyo Juedyrusis ou I9Z1)ISUASOUOS SB pasn
‘Quore SINAAJ INOIdTW ¢ ‘sisoydode pue Ayjiqera uru | :Surug, wnipos utiAydiodours
Ul UI 9%9/°/ € PUE %[8°06 S[[90 BWOI[S ueWINY WO/ S0 sKsuoy 3ursn Aq s[[oo ewor3 S[[92 Jnse[qoIqy
‘04 /7' L] SB painseaut paonpar SINAAQ PIm uewny ur [JS JO 19942 uunui ¢ ¢ HIN pue
sem KITIQRIA [[90 9Y], TS JO 9sn paurquiod Iy, ZHIN 0’ T:Aousnbary SurpIy oy} 9jen[eAs 0],  S[[90 BWOINS uewNy ¢/ ¢ 810C o414 uJ [82] ‘Te 10 ung
Jeok
uonealq
QwoonQ) SISOy s1ojoweIed wry S[190 Jo adAJ, -qng uStsop Apms SOOUAIJIY

(ponunuoo) | sjqey

pringer

A's



Journal of Neuro-Oncology (2023) 163:219-238

224

A[oAn)
-0adsar ‘uonensunupe
VIV-G U _yJe ¢ 1o
Y 9 IOUJIO UOTIRIPELI
punosenn [ds-vIv-¢
SurA1009a1 sdnois oy ur
PAIINOJ0 SWN[OA JOwn)
Ul UonoNpal %¢G 10 %/9 ©
A[oAn
-0adsar ‘S pue auore
VIV-S ‘Ouo[e uonerpeL
punosenyn ‘uonerado
weys Jurogiopun sjer Yy
ur ww 69°6 + 781 pue
ITLF86TE ‘S96F18°0¢
‘6€°01 F6'6C 219M punoy
Seare Jnown) 1sa31e] Ay L,

(s0'0>d) Aeanoadsax

W 0L OF L'y pue

81°0F 8" S1om urw ¢

I0J Jwdo/A\ 01T JO Ais

-uQuI ue Je [eSuag IS0y

JNOYIIM PUR YIIM S[EWIUE
Ul SUOISI[ JO Seale Y],

Iouuew
pajeuonoRIy €
Ul UOTIBIPELIT
punosen[n yeam
Jo s)0ayje few
-1oyjuou ySnoIyy

uonIqIyuI Yimoi3

Jown) pue uon
-onnsop Jown)
QATIORTRS ® Aq
‘syel ur sewor[3
[eluBIORUI JO
juouIIEaI) Oy
10} 9AT)ORYJO
Sem UOIRIPRLI
punosenn
Pasnooj pue

VIV-C Bia 1dS
BwION3
[eruowrIadxo
pojeas-doop
jsurese 10959
INOWMNUE 9AT)
-09[9S PIARIYOL
punosenn
Ppasnooj pue

VIV-S s 1dS

sonssn ureIq
[ewtou 3urreds
[y eWOI3
[e1ga190 JsureSe
J09JJ0 Jownnue
QATIOQOS B
pamoys [esuag
980y pue 1dS jo

UOTJEUIqUIOD Y],

urw (g -Suruy,

NEU

/M §9°T :Knsuaiug
ZHNO'I
:Kouonbary

urw ¢ :Jurwig,
LW/ ST 10

0T ‘ST°01:Asuajuy
ZHIN ¥0'1

:Kouonborg

urw G :Jurwry,

NEO

/M ST :Kytsuayug
ZHIA | :Aousnbarg

ureiq
je1 e ur pajuedur
sem Jey} BwoI[3
9D ® U0 (VIV-S)
pIOE OruInA
-9Jourwe-g Jo
S100pJ0 Jownnue
QATO9[0S PadNpUI
A[reorureuApouos
o) 9JenyeAd O,
I9Z1ISUISOUOS
® SB pasn YV IV-G
)M UOTBUIqUIOD
ur punosenyn
pasnooj 3ursn Aq
BWOI[S Je1 [RJUW
-11adxa ur (s jo
100JJ0 Jnowmnue
Q) 9e3NsAUL O,
sjel ur ewor[3
[eIURIORTUI
[eyuowradxo
Jo uone[qe ay)
I10J (uredsarony
0I0[YOBI}d) OPOl
-1)3) WNIPOSIP)
[eSuag asoy
1oznisuasojoyd
9y Suisn suon
-IpuOd J1)SNOJ.
punosenn
pasnooj rewndo
Q3 QUITIARP O],

QWodINO

SISy

SIapuwered

wry

syey
Kopme(q ondeidg S[[90 BwWoT3 9O 2102 oala uy [s€] ‘Te 10 Suosp
NIARNVY S[195 ewol3 9O 1102 omauy  [H¢] Te 19 eInwyQ
SJBI JBISTA\ S[102 eworsS 9O 6002 oarauy  [¢¢] Te 19 BYRUON
[epow [ewIIUY S[[90 Jo 2dA], IeaA uoneOIIqNg Apms Jo odA7, SQOUAIJY

MOTAQI ) UT POPN[OUT SAIPNIS ,OAIA UI, JO AIewwing ¢ ajqer

pringer

Qs



225

Journal of Neuro-Oncology (2023) 163:219-238

(dnoi3 [onuod)
skep og > sa (dnoi3 1(S)
sAep ()G < :9Wr) [BAIAING
(A1eanoadsax
‘dnoi3 [onuod sa dnoi3
1ds ‘do-1sod syoom )
JUW Op ] SA W 66
¢{(A1oanoadsar ‘dnoi3
[onuod sa dnoi3 1S
‘do-ys0d yeom-T)
001 sA wwgy ‘(do-axd)

14IH
Jo uorssardxo

PaseaIoul pue
s1sauagor3ue pajr
-qIyur ‘uonony
-SIP S[OSSOAOIOTW
€0-014D) JO S[oA9]
paseaIout oy

Aq parerpaw
‘stsoydode jo
uononpur oy}
pue Kinfur [ed
-IuRYo2W 0}
paje[aI sewor3
[erueIdRNUI JO
uorsuedxa oy}
Jqryur ppnos

S QT :Surwiy,

NEQ

/M §°0 :Katsuayug

sureiq
jex ut pojuedwr
sewoI[3 9 uo
LdS pajerpawt
-(AININH) Toyie
[Ayyowouowt
urikydiodojewray
J0 10930 2y}

(WU (G :9Wn[oA Jowny, juounean 1S ZHIN | :Aouenbarg 9eSnsoAur oF, SJBI TRISTA\ S[[90 BWOI[S 9D 10T 0AlA Ul pUR 04314 UJ [L¢] Te 1o Suos
[[e0 JoWwn) 9y} ur
uonejuowarduwr
O30 UOTIRIIARD
puE SUONOBAI 8D
-TWIaYO Padnpur
Surdopaaap jo sjex ur
asnedaq anssn [epow Jownj 90y
Jowrn) jo dgewep ewor[3 jo uon
Suons 03 spea| -e[qe oy} 10j 1oZ1)
9%00T JO SIS0IoaU JO juaSe 19ZN)Isuas urw (] :Surwry,  -TSUSSOUOS © SB
BOIR U PASNEO WI/[ 0] ~ -OUOS PUE SPUNOS Lo uofojoy Sursn
UOTIBIPRLIOIOY] + WO/ M -eI)[N U9OM)dq /M L0 :Ksuayuy LdsS Jo 109g9 [9€]
£°0 PUNOSEN[N+UO[0JOYqd  UONBUIQUWOD YL ZHIA | :Aouenbary  oy) oeSnsoAur of, jey S[100 BWOIS 9D 7102 oalA U] "Te )9 YSATOONIAS],
awodnO Synsoy s1o)owIRIRq wry [opoul [eWTuy S[[e0 jo adAy, I1eak uoneosriqng Kpmys jo odAT, SQOURIRJOY

(ponunuoo) zsjqey

pringer

a's



Journal of Neuro-Oncology (2023) 163:219-238

226

uon
-ejuedwr Jown) 19)Je Aep
pIcg o) uo (s/suojoyd
LOIX9L6FI'SID

dnoi3 [onuod oy

uey) Iomo[ Apueoyru

-31s sem (s/suojoyd
,01X89°0F6S°1) dnoi3
og4g41snd + SNAAd/s

uon

-onput sisoydode
1199 puE J99J2
uoneoyrjord-nue

urw | :3urwiy,
M LT :Kisuoug

go uewny onJq
“PRY-DIN L8N
[erueroenur 3ur
-Ieaq 901w apnu

uo LS parerpaw

“(SWAAQ)
wnrpos utikyd
-1odours jo

S[[99

1dS JO onfeA uoIssIuo ue 0) sped] LS ZHIN 966'0  199JJ° Jown)-nue Qo gn uewny ong
uojoyd 2ouadsaurUNoIq oY)  PajeIpaW-SINAAQ :Kouonbarg oyl Apms o, apnu d9/qred 2[R -PoY-DIN L8N 610C 0Al4 Ul pUR 04314 UJ [o¥] TR 14
Qo1 Jurreaq
-lown) oy} Jo
[BATAINS paguo] Sewor[3
quore NATH -o1d NTH PIm jueugIewW UO
PIm pajean oot sy 10 LdS-VIV-§ oa ‘(VIV-S) poe
(Tonuod) 901w pajeanyun w1 ‘s1soydode SIUI[NAS[OUTIIE-G
) IoYII0 Uey) I03UO]  PIdNpuI pue ‘A30 ‘I9ZIIISUASOUOS ©
yonw paAIAIns NATH -joydiow [[oo IIM pauIquIod
Suisn Aq 1dS-VIV-S padueyd ‘YmoId umw ¢ :Surwry,  LAS Jo Ananoe S[[90 I[W)S
YIIM PaYRaI) 90TW Ay} [[99 PANQIUUL  wo/p T ANSUU] Jowmnue ) Qo ewoIS [GZ[) pue
ey} PAJeNSUOWP SIOYINY 1AS-VIV-S ZHIN-€ :Aouonbaig jeSnsoAUr 0],  judrogepounwiw]  S[[ed eworS /8 8107 oda1a ur pue oajia uy  [g¢] Te 30 oxyong
Pq
JO 1oA9] urajoxd
Jomo] Apueoyru
-31s pue ¢ pue
‘g ‘c-osedseo
PpaABa[O pue xeq
Jo spea9] urajoxd
1oy ‘JININ U
sso[ ‘uononpoid
SOY pasearour [opow
ySnoxy s1soy 901w 9pnu ut
-dode pasearour Jowrn) JJeI3oudy
“Kiqera 1199 ur 1gs jo £oeo
JO uononpar e -1go oy oaoxdur
(S0°0>d) dno13 1S poonpoid razn uw ( :Surwry pInoo (LH)
yim paredwod Io[[ews -ISUISOUOS pue Lo Adexayjourroyy S[[e2
yonuw st dnoi3 s snid IH ‘Lds jo /M 07 Kisusuy  -1odAy 1oyioym Qo1 ewonS DINLSN
LH UI oWwN[OA JOWN) Y}  UONeUIquod oy ZzHIA | :Aouonbaig e3nsoAur o, opnu o/gIved pue g1 NS 9107 OAlA ul pue o414 uf [8¢] Ty nf
QwoonQ) Synsay s1ojoweIed wry [opow [ewITuy S[190 Jo od£], IeaA uonesIqng Kpms Jo odL7, SOOUAIJIY

(ponunuoo) zsjqey

b
)
)
5
et
|9
A
&l



227

Journal of Neuro-Oncology (2023) 163:219-238

dnoi3 jonuos ay) ur uey)
sdno13 1S pue LAd oy
ur JIOMo[ 21om 1yS1om pue
uone1djrjord [[90 Jowny
o[rym ‘dnoIs SINAAQ o
s paredwod sdnoi3
LdsS pue 1dd °y ut
IoMO[ sem SINAAJ JO
KyIsuQur 9oudsAIONY Y)Y

1dS Jo $10910 oO1X0}
-0142 2y} Joj douspuadap
A313u3 1810} © Junooper
“(10°0>d) sdnoi3 1oy10
9} U[ S[[90 PajeIpeLl 0)
QATIR[AI [ )00 ASIoU9
[830) B 1 V'TV-C Pue SMq
Jo uoneurquod ay) Aq
Ppasearoap sem KJN[IGeIp

(skep $7)
LdS-SINAAgodry 1o
‘(skep 6T) SNAAQ 21
‘(skep GT) aurfes A[uo
)M Pajean asoy) Jo Jey)
uey) 193u0] A[SNOIAQO Sem
(s&ep 0f) LAS-SINAAQ
-odrT-aoy! yim pajean
Qo1 Surreaq vwWorS oY)
JO owIn [BATAINS UBIPIW )

S[oAJ[
TX-[og pue
VNDd passaid
-dns ‘sjopowt
jJeISousx DN
811-[]1 utjuswr
-dooaop Jowny
yqyur ‘stsoydode
Qonpur pue S[[ed
BWOI[S JO UoneId
-yrjoxd oy yqryur
Lds pue 1dd

pajeIpaul-SINAAA
onssy urelq [ew

-Iou 0) 9ewep
[ewuIw Suisned
AMIYM ‘oara u1
sIsauagoI3ue se
[[oM S UOTSBAUT
pue uonerojijoid
Jowny passaxd
-dns pue s1s
-oydode Suronpur
£q Aiqera o0
Ppaonpar uoneulq
-wod Y Iv-6/SN4d

sisoydode

1[99 paseaIdur
y3noxy) 1099
[eloWn)-Nue UL
poonpoxd 1S

-SINAAQ Jo
UOTBUIqUIOD Y],

urw 1:3urry,
L
/M 0og :Ayrsuayug
ZHIN ' [:Aouanb
-1

S 0FZ—0C[ ‘Surwiy,

MOT-01 :Ksudjuy
ZHY 0TC
:Kouonbory

uru [:3urwy,
JWUS/M 8°0 pue

9°0 40 :Krsuaiug

ZHIA T :Aousnborg

rWOI3 Ul
Las pue (Ldd)
Kderoy) orwreu
-Apojoyd poje
-Ipaw-(SWAAQ)
wnrpos urikyd
-1odours jo
$109JJ2 Jownue
ay aro1dxe o,

oana
u1 pue o414 U1
ewWoOI3 JueugIfewt
uo (VIv-S) proe
STUI[NAS]OUTIIE-G
)M POUIqUIOD
SNASIWOL ZHA
-07z Jo Aoeoyge

Q) 9Je3NSAAUI O],
Las ewor(s
10y (SNA) punos
-BI)[N Pasnoo}
K)ISUIUI-MO]
YIIM PIUIqUIOd
‘WaIsAs KIQAT[SP
3nip renuajod
® se (SINAAQ
-odrT-aoyn
sowosodI] pay
-lpowr Oyt
papeo[ (wnipos
uniAydiodours)
SINAAd
-19Z1)ISUQSOUBU
Jo Koeoyjo

Jy) 2JenyeAd O,

Qo1

apnu o/gIvd

SJBI JOUSL] O[eWo,]

o1 o/qreq

S[[90 BwWOI[3
uewny DN L8-N

pue DN 811-N

S[[99 BWOI[3 86

S[[90 BWOIS 9O

020T 0Al4 ul pue 014 Uy

610 oAld u1 pue ojia ujy

6107 0Al4 Ul pUR 04714 Uf

[ev] TR P Uy

[y] Te 19 epIysox

[17] T8 19 ung

AWodINQ

SINsoY

Slapuwered

wry

[opou [ewIIuY

S[[90 Jo 2dA], 1eaA uoneoIqng

Apms Jo odA7,

SOUQIJY

(ponunuoo) zsjqey

pringer

a's



:219-238
Journal of Neuro-Oncology (2023) 163:219
228 —
Study characteristics
E z 2. 3385,
ey 3 ] 3 £ B 2 R . . .
fiit E: = 5EEZs ; E E E In vitro' and in vivo' studies
%%8928EE 3"352836g§5 |
S EE8838F <88 ,2% 22 : isted studies were both murines
fio SSiss SEs28% 258° Tumor cell lines used in the listed s A o murine
S 5w g asda R SC22ETE8S 4 : e studies were bo |
I I R : rat C6 glioma cells
PR 28 =<=9o S e Sw o = .9 and humans: ra g . ones
LIS I 5 g GB cells and other cell lines su
LY fEEsizEe g followed by human U87 ¢
E Lmsg%gogxg SEEREERE i U105MG and U251MG.
§ : g = § E g-:% 2 § % 5258¢c8 2% human ghoma C?HS U3;3’ onimal models mainly murines’
7 s ‘In vivo’ studies used as e
: 3 g g both mice and rats; only one study
E 3 2R 3¢
i é g 1 - et ivo’ i d different types of
hr Sict = e Both ‘in vitro’ and ‘in vivo’ studies used di ot pes 0
2 : ‘ D‘ - -o 3 . . . . rOC N
Peiil : S ; itizers, such as 5-Aminolevulinic acid hy ]
| £ E LRREE e (SoA ! i dium (DVDMS), hemato
Z 2 % BESES 2 #EE=3 ride (5-ALA), sinoporphyrin so VIME), romosolomide
| i etl'ler(F(LI:i d diéodium tetraiodo
g z i scein an
=2~ E 2 = (TMZ), photofrin, fluore feuraiodo
: - E | i , as a way of in
EI ZE i 5 B %: E tetrachloro fluorescein (Rose B'e.ngatl) s away of increas
Slegsts ; % gy ing the tumoral cells’ vulnerability to
: gibs : 2 = g'g‘\' g ition
Q Bt K ju |
g % AgEe E £ : ; E eXP‘I)Sl itro’ studies focused their attention on the effect that
= LQen e 00 0.5 = k= ‘nVIr . 0
e ) i i f a sonosensitizer, p
e g h or without the use o
' N Itrasound, with o . . o
Q : 2Ly Sy E52f0 . 1 cell lines, in term of apoptotic rate a
S SE .2 SEZE o ol ££ g2 voked on tumoral ce S, e ROS) ot
HMEAaS Eicizail i 1 of reactive oxy
Sisfzies 22z E82¢ tracellular level o . . y
BRiH HIH S H L expo ini sity of ultrasoun
;o‘awxg.ﬁgw&ma:sé‘.égm. = cllulz . he i ntenety
S>3 ¢ 2 22 9.9 ¢ 2.2 8 =z o o 2 E 3 exposmon, moreo : i lrasound
; L S FEEES oral ce
g £ 5 1E: ED 53»&’ g 5 8 é 52 2 % in order to produce an apoptotic effect on tu.m v
1 =TT Iso investigated [23]. Some studies also tried to quantify
“F S0 inv . . . anity
I, ¥ or without
the anti-tumoral effect of ultrasound with
: itizer [26].
: of a sonosensitiz ’ 4 effcacy
i increased e
H: Moreover, Gonzales et. al. proved t'he‘ rease elieacy
g ?I) of STD in combination with bleomycin, in
= |3 )
= S ral growth. ' ]
E . i tun‘llo i%o’ studies used an animal model to verify the fe}?
< m n V . . . . St t e
i ique: estigating ju
ibili hnique: more than inv
= sibility of this tec ] ey of
E i STD, these studies pro
E 8 anti-tumoral effect of ,
: : in ti 45].
| g Ithy brain tissue [33, .
Tg é g o tsz}r(f1S heat' 1)1, obtained from ‘in vivo’ studies regard
HE E Other informatio \ udies regaid
1 5 d in combinatio
5 ultrasound use
i ° e i th inhibition and the
i sonosensitizer in inducing tumor grow ibion ad the
i i i echanism, desc
E underlying phys1opatholog1cal m chanism, deseribed hanks
g to post-autoptic histology. STD t e;lr pyincreaSed ROS pro
: i tic rate, through an : :
: I an increased apopto ' ‘ : pro-
: i - totic/pro-angiog
= § duction, reduced production ant'l ap(;p7 : p
S . .
r factors and microvessel destrt;c':non [ ounled to in vitro
‘in vivo’ studies were
Many of the ‘in vivo Lo v
2 experiments where the same method was tested, t[é o
: i alogies and differences in both results; some slu d,
g : nen i ‘in vivo’, on animal mod-
il E instead, were performed directly .11n A% niéation —
3 i i imilar so
- |< ) eviewed used simi
~ |5 ) els. The studies r ] meters
| i i i erformed (range
i ty of sonication p .
E i regarding intensi . oo ranged
: 3 d in the studie
: : 2). The frequency use .
S m-).
E : g N 25Ovz/tC 3 1)\/IHZ The maximum value of the duration was
: = E from 0.5 to . : ¢ duration was
11 : ies included, especially ‘in vi
222 2 20 min. All the studies inc , i viv s
1 g . ing
: : effective in reduc
3 g g % g ies, have demonstrated that SDT are
s |5 |s K
R
@ Springer



229

Journal of Neuro-Oncology (2023) 163:219-238

I91U9))
[edIpoIN pue [e3dsoy s,ydesof 1§

JIOX MIN ‘S9Je1S P [[PMUIION

UOJSNOH“IIUR))
190UEB)) UOSIdpUY (A PUe BUOZ
-1V “I9)ua)) Jowny, urelg AA]

OUERTIA ‘B1sog O[Ie)) 00150]
-0INAN 01MNS] "S'D D "Y' QUOIZepUOq

DOH UL PIM sjuarjed

ur £oeolJo pue Y TV-G SNOUSARIIUL

LM pauIquiod (SNASYIA) punos

-eI)[() PASNO0J AOUBUOSIY JN_U

-3eA oy} Surzimn 1S JO sesop
A310U9 SurpuISE AY) ABN[BAD OF,

DOH JUSLINDAIL YA\ SIuaned
ur (S I0j punosenyn Jo AIAIRQ
TOAD Y pauiquio) (VIV-S)
IOV drurnasfourue-g jo Aijiqe
-I9[0], pue K)9Jes 9y} 91en[eAd O],
g0 2A1ssa1301d 10 JUSLINOAI 1M
sy00[qns ur 9o149p g-odA ], 9je[qEXy
pue [00-VIVNOS Suisn 1JS jJo
Koeorye Areurwrfaxd pue ‘Q[npayos
T 9SBUJ POPUSWIWIOIAI ‘SANIOIX0)
Sunu-asop ‘A3oyes oy} ajenyeAd oJ,
WAIsAS
-omaN,, ¢-2d&L, 000t [PPOIN
Jre[qy'xd oy} Suisn go) [BIqRI0
pasouserp Apmau Y syuaned ur
ploe drurnasjouture-¢ pim [ ds Jo
Kypiqisesy pue K)ayes Y 9Jen[eAd o,

(VIV) 100-VIVNOS Sunmiooy

[VTv-¢] proe orurnasjourury-¢g Sunmiooy
901A9p

de[qexa pue (VIV) 100-VIVNOS Sunmiosy

[VTV-S] proe orurnapourry-g - Suninioar jofk jou

$896SSY0LON

60¥C9€SOLON

80S0LESOLON

616S787Y0LON

(DOH) ewor[s opeIs
-y31y JuarImoaI ym syuedronred
ur Ade1ay ], orwreuApouos jo Apnig

(DDOH)

BUWOI[D) 9peID-YIIH JUSLINIY Ul

punosen|n Jo KA [0AD YIM
pauIquo) yIV-§ drenfeaq 0} Apmig

g0 Wwa1moy ur g 2dAT, 0001

ale[qexyd pue [00-VTYNOS Suisn
Kdeiay ], orwreuApouogs jo Apms

(Vv owos)
syuonjed ewO)SLIQOI[S UT WIA)SAS
Jre[qexa Ym Aderay) orweApouog

suoned0 |

wry

suonuaAIuUy snels

1YHUIPY

9PLL

BWOISB[QOI[D) UT IS UO s[eLn) [eorur[do SuroSuQ € ajqel

pringer

a's



230

Journal of Neuro-Oncology (2023) 163:219-238

tumor volume, because of its high selectivity, low toxicity,
and deep penetration, focusing on both the ability to reduce
tumor growth and placing emphasis on the survival of tumor
cells after the treatment (Tables 1, 2).

Clinical trials

We identified four clinical trials about SDT in GB treatment.
Between them, it is listed a non-randomized, single-arm
study whose purpose is to evaluate the safety and feasibility
of SDT with 5-aminolevulinic acid in patients with newly
diagnosed cerebral GBs using the ExAblate Model 4000
Type-2 Neuro System.

Another clinical trial, non-randomized, tried to assess the
safety, dose limiting toxicities, and preliminary efficacy of
SDT using SONALA-001 and Exablate Type-2 device in
subjects with recurrent or progressive GB.

Additionally, a phase 1 multi-center trial started to under-
stand the safety and tolerability of 5-aminolevulinic acid
(5-ALA) combined with CVO01 delivery of ultrasound for
SDT in patients with recurrent high-grade glioma.

Finally, we report a phase O single-center open label study
whose intention is to appraise the ascending energy doses
of SDT utilizing the MRgFUS combined with intravenous
5-ALA and its efficacy in patients with recurrent HGG.

Studies characteristics and aim were summarized in
Table 3.

Discussion

Conventional therapeutic options in the treatment of solid
brain tumors, and GBs in particular, are based on the
assumption that these cancerous lesions have relatively
homogeneous spatiotemporal characteristics. However,
recent advances in the molecular, genetic, and epigenetic
fields have shown how this does not reflect the facts at all,
underscoring the inherent limitations of radiation and chem-
otherapy [46—48]. Moreover, the notion that GBs do not
represent a focal pathological entity, but rather a pathology
spread throughout the entire brain, makes clear the inherent
limitations of surgery, although it still represents the thera-
peutic mainstay toward these tumors [49, 50].

Hence the need to develop new therapeutic strategies
capable of eradicating the underlying pathology, possibly
in the least invasive way, and increasing OS and PFS while
safeguarding patients' quality of life and neurological status
[51,52].

In this context, the use of ultrasound for therapeutic pur-
poses (the so-called Theranostics) appears to offer interest-
ing potential and promising results and uses [53].

As a matter of fact, focused ultrasound can be employed
either to destroy cancerous cells by heating or as an adjuvant

@ Springer

therapy, in combination with chemotherapy or radiation
therapy. The main points of values of FUS are the non-
invasiveness, incision-free, controllability via real-time
MR guidance and the capacity to activate the immune sys-
tem [54]. The first non-invasive thermal ablation of a brain
tumor in human was realized by Coluccia et al. [55] in their
ongoing clinical phase I study in 2014, when they firstly
employed Magnetic resonance-guided focused ultrasound
surgery (MRgFUS) for safe thermal ablation of a centrally
located recurrent GB. This is possible thanks to recent
advances in magnetic resonance imaging, which allow safe
and precise thermal ablation of neoplastic tissue. Moreover,
the opportunity to create an MRI-derived temperature map-
ping of the targeted tissue allow a non-invasive monitoring
of the ablating procedure. In more recent years, knowledge
about the different mechanisms of action of ultrasound at
various intensities and frequencies, used alone or in combi-
nation with other substances, has been expanded, exploring
new potentials, and developing new therapeutic strategies,
including precisely SDT [56-61].

Sonodynamic therapy

SDT has been developed as a promising tool in brain tumor
treatment. SDT takes its cue from photodynamic therapy
(PDT), in which a light-activated photosensitizer can cause
the generation of ROS, which in turn would mediate a cyto-
toxic effect on neoplastic cells. However, the main limitation
of PDT is the range of action, which is limited to superficial
lesions due to the poor penetration of laser light into brain
tissue [42, 62]. This obstacle is overcome using low-intensity
ultrasound, which has a greater penetrative capacity [63].

As just mentioned, SDT involves the application of
focused ultrasound with a substance that sensitizes cells
to the destroying effects of sound, called sonosensitizer. It
includes both ultrasonication, via non-invasive low-intensity
ultrasound penetrating soft tissues and focus on a specific
site, and sonosensitizers, which embrace non-toxic chemi-
cal agents such as 5-ALA, ATX-70, Hypocrellin, Rose Ben-
gal and many others [64—66]; some of these compounds
are commonly used in glioma surgery to intraoperatively
visualize the tumor and can be employed to induce cyto-
toxic effects to neoplastic cells when subjected to a specific
acoustic field [31, 39, 40]. The advantage of this technique
is to minimize adverse events and maximizing on-target
responses. Furthermore, the use of chemical agents that are
non-toxic in the absence of a specific stimulus distinguishes
the definition of SDT from the broader meaning of FUS
employed to enhance the effects of an already toxic com-
pound [67, 68].

Sheehan et colleagues [69] employed the SDT on two
cellular lines, rat C6 and human U87 GB cells, and found
that two innocuous agents, which are FUS and 5-ALA,
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can lead to cell death by the transformation of 5-ALA to
PPIX in malignant glioma cells, where it generates reactive
oxygen species responsible of cellular apoptosis. ‘In vivo’
studies have proved that focused ultrasound in combination
with the systemic administration of 5-ALA is effective in
treating intracranial gliomas in rats, not demonstrated by
the complete tumor resection but by the reduction in tumor
size from the initial tumor volume [34, 35, 37, 39]. In this
regard, Nonaka et al. [33] pinpointed the optimal focused
ultrasound acoustic energy and duration for the ablation of
brain tumor in rats, without damaging normal brain tissue;
in their experience, this selective anti-tumor effect was pro-
duced by weaker focused ultrasound intensity at 25 W/cm?
at 1 MHz for 5 min.

In 2019, Abdolhosseinzadeh et al. [70] investigated the
effects of focused acoustic waves in a focal area through
some accurate simulations. Results obtained in 2D, and 3D
models showed that ultrasound waves could be used in the
form of pulse waves with different time periods to provoke a
focused thermal lesion on neoplastic tissue [71, 72]. Never-
theless, ‘in vivo’ it is necessary to overcome the blood brain
barrier (BBB), which represents a real obstacle to sonosen-
sitizers. To this aim, low-intensity focused ultrasound can
be combined to microbubbles, which proved to increase the
permeability of the BBB, allowing the treatment of intrac-
ranial GB in mice. These results can suggest the use of SDT
with sonosensitizers in human GB [73-75].

Sonosensitizers

As previously mentioned, the sonosensitizers used in SDT
are harmless molecules that when subjected to an acoustic
field mediate a cytotoxic effect. Many of these molecules
are the same as those used in photodynamic therapy and are
agents based on porphyrin or related molecules (protopor-
phyrin IX, hematoporphyrin, etc.). In fact, there is evidence
that such molecules, when exposed to the action of ultra-
sound, result in the production of reactive oxygen species
(ROS). In their ‘in vitro’ study, Shen et al. [32] employed
as a sonosensitizer the sinoporphyrin sodium, purified from
photofrin II, which showed great antitumor effect on human
GB cell lines; particularly, this sonosensitizer can easily
enter in cancer cells and accumulate into the mitochondria,
where it gives raise to cytotoxity through the production of
ROS.

However, although these agents are preferentially picked
up by the tumor, they exhibit marked hydrophobicity, and
their distribution appears to be ubiquitous [76]. Despite
this apparently drawback, it has been postulated by Raspa-
gliesi and colleagues that three contemporary events must
occur to determine a cytotoxic effect: the administration of
ultrasound, the administration of a sonosensitizer, and the

presence of a lesion where the latter can reach a significant
concentration. This concept led to the non-invasive effect on
SDT on normal brain tissue, since, even if the sonosensitizer
has been collected in healthy tissue, it would be inconse-
quential [45].

Thus, it seems clear that the choice of sonosensitizer is
also crucial. Ideally, the perfect sonosensitizer should exhibit
high affinity for tumor cells and slow clearance from the
neoplasm, while sparing healthy brain parenchyma [77-79].

Mechanism of action of sonodynamic therapy

The effects of thermal ablation on tumoral cells are still not
completely clear. Is has been demonstrated that hyperther-
mia (HT) can enhance the 5-ALA-SDT induced cell apop-
tosis partly by activating caspases and by modulating Bcl-2
family members. Moreover, HT is responsible of increasing
ROS production and reducing metalloproteases (MMPs)
induced by 5-ALA-SDT in human glioma cells [38, 80]
(Figs. 2, 3).

HT can also regulate some molecular aspects of the
immune response, such as Fas gene and its ligand FasL,
and act as an immunomodulator in cancer therapy [81,
82]. In more details, it seems that the increasing in local
temperature may act as a natural trigger or danger signal to
the immune system. Hyperthermia can therefore enhance
the expression of FAS-ligand mRNA, which has a role in
functional maturation of dendritic cells together with secre-
tion of proinflammatory cytokines, which in turn activate
T lymphocytes and induce a polarization toward a Thl
phenotype. Moreover, high temperature may promote the
action of a particular set of protein, the HSPs, which may
act in protecting cells from dangerous stress by regulating
cell homeostasis [83] and may also affect the stability of
cellular membranes by inducing structural changing that
intervene in signaling events and cell migration in immune
response [84, 85].

The link between ultrasound exposure, presence of sono-
sensitizer and generation of ROS appear clear, and there
is a consensus regarding their involvement in mediating
the cytotoxic effect on cancer cells [86—88]. Nonetheless,
other mechanisms have been proposed to elucidate the SDT-
mediated cytotoxic effect. These include sonoluminescence,
namely the emission of light from cavitation bubbles, which
would appear to play a role both in the activation of certain
sonosensitizers and in mediating antitumor effects [89, 90],
and sonomechanical mechanisms that would mediate dam-
age by inducing changes at the level of cell membranes, such
as a reduction in membrane fluidity and an increase in lipid
peroxidation [91, 92]. Noteworthy are the various cytotoxic
actions and implicated mechanisms that characterize the dif-
ferent sonosensitizers, although further studies on this are
needed [93, 94].
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Interestingly, SDT can also be used in combination
with other agents commonly used to treat GB to enhance
their action, such as the temozolomide (TMZ). Resistance
of high-grade glioma cells to TMZ is related to high level
expression of NHE-1 protein, which enhance cells invasion
to normal brain tissue. In their article, Chen et al. [27] dem-
onstrated that SDT can suppress NHE-1 expression, thus
allowing the cytotoxic effect of TMZ in vitro.

Another target to take advantage of to enhance the anti-
tumor efficacy of TMZ is the p-glycoprotein, referred to as
multidrug resistance receptor (MDR1), a transmembrane
protein which act as an efflux pump and confer multidrug
resistance in brain tumor. Consequently, high expression of
MDRI is present in resistant GB and the downregulation of
MDRI1 via Akt/NF-kB pathway can improve the antitumor
effect of temozolomide in GB cells. Shono et al. [31] dem-
onstrated that the elevation of cellular PpIX using celecoxib
is related to a down regulation of Akt/NF-kB/MDRI1 path-
way, thus enhancing the anti-tumor efficacy of SDT. Some
authors advocated that the SDT mediated by hematopor-
phyrin monomethyl ether (HMME) can induce apoptosis
on C6 glioma cells in vitro and suggest that the mitochon-
drial signal pathway may play a pivotal role, because of the
observed production of ROS, loss of MMP and Bcl-2 and
protein expression in caspace-9, caspase-3 and Bax [25, 29].

Ultrasound parameters affecting SDT results

Although the exact mechanism of action of SDT is not yet
fully understood, it is assumed that the biological effects of
this technique are strongly correlated with the phenomenon
of acoustic cavitation (stable vs. inertial cavitation) derived
from the interaction between ultrasound and the propagation
medium, ultimately resulting in apoptosis of the affected
cells. In addition to the mechanical effect of ultrasound,
the action of SDT is also based on the sonochemical effect
related to the formation of various species of free radicals
and the different decomposition kinetics of sonosensitizers
[63, 95, 96]. These various mechanisms of action in turn
are closely related to the ultrasound parameters used and
to other factors associated to the experimental setting (see
Table 4).

For instance, it has been demonstrated that most sonosen-
sitizers respond to US frequency ranging from 0.2 to 3 MHz
[42] and that a decrease in frequency is correlated to an
increase in ultrasound toxicity [25]. However recent works
have pointed out apoptotic cell ratio was primarily affected
by sonosensitizer concentration and then by other variables
such as US frequency, irradiation time and intensity [97, 98].
US intensity usually ranges from 0.5 to 10W/cm? and can be
applied in a continuous or pulsatile mode [96]. Regarding
this parameter, many studies have noted an intensity-depend-
ent reduction in cell viability of various cancer types [99,

-
- -

-'-

-----=ewm

Fig.2 Sonodynamic therapy could be effective in glioma cells-death though transformation of 5-ALA (green dots) to PPIX (red dots). The pro-
cess results in the production of reactive oxygen species (ROS), leading to cells death
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Fig.3 Representation of 3
mechanisms of sonodynamic
therapy: A 5 ALA SDT could
reduce level of Bcl2, thus
activating apoptosis via caspase
9 pathway. B 5 ALA SDT
increase levels of ROS, thus
inducing cell death. C heating
itself could increase level of
Heat shock protein 70, thus
inducing immune response
through structural changing in
cell membrane

100]. Nejad et al. [101] have shown in a model of human
oral squamous cell line HSC-2 how irradiating cells with
3.5 MHz US at 20, 32, 55, and 73 W/cm? was associated
to a cell survival rate of 97, 81, 62 and 40%, respectively.

Irradiation time and duty cycle also influenced SDT
results, with greater citotoxity at greater irradiation time and
duty cycle [102]. Besides US parameters, many other fac-
tors may influence SDT response ‘in vitro’ studies. Irradia-
tion uniformity and intensity distribution, for example, are
related to the distance between cells and US apparatus, as
well as the characteristics of the coupling media and culture
medium also seem to profoundly impact the outcomes of
SDT. Other two crucial factors that affect the results of SDT
are the type of irradiated sample and the sonosensitizer con-
centration, the latter closely related to the apoptotic effect,
as shown by Zhang et al. [103—-105].

Ongoing clinical trials

Evidence regarding the potential application of SDT in high-
grade gliomas are mostly taken from pre-clinical ‘in vitro’
and ‘in vivo’ studies. Currently, there are four ongoing trials
concerning the role of SDT in high grade gliomas registered
on “Clinicaltrial.gov”, of which three are recruiting.

The aim of the first trial is to evaluate the safety and tol-
erability of 5-ALA combined with CV01 delivery of ultra-
sound in patients affected by recurrent high-grade gliomas.
(ClinicalTrials.gov Identifier: NCT05362409). This ongoing
phase 1 trial is recruiting 33 patients, to which 5-ALA will
be administered as sonosensitizer prior to CVol-delivered
ultrasound, which will deliver non-ablative, low-intensity

Immune
response

ultrasound; 5-ALA will be then re-administered every
4 weeks prior to CVO1. The primary outcome is to evalu-
ate the incidence of adverse events and to determine the
Maximum Tolerable Duration in the first 12 months. Sec-
ondary outcome is represented by the assessment of Overall

Table4 ‘In vitro’ factors and variables potentially influencing SDT
outcomes

Factors Variables

Ultrasound Parameters o Frequency

o Intensity

o Irradiation time and duty cycle
Spatial Configuration o Cell-to-transducer distance

o Ultrasound beam/culture vessel ratio
Coupling Media e Volume

e Composition

e Viscosity

o T°

o Acoustic Propagation
Culture Vessels o Geometry

o Absorbers

e Material Type
Culture Medium o Composition

e Volume

e Acoustic Properties
Irradiation sample type o Adhering cells

e Suspension cells

e Cell motion
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Response Rate, Duration of Response, OS and PFS in the
first 12 months.

The second recruiting trial (ClinicalTrials.gov Identifier:
NCT05370508) aims to evaluate the safety and preliminary
efficacy of SDT by using SONALA-001 as sonosensitizer
and Exablate 4000 Type-2 MR-guided focused ultrasound
as device in people affected by recurrent or progressive GB.
The primary outcomes are represented by the evaluation
of the safety of SDT in the first 12 months, the maximum
tolerable duration in the first 29 days, the determination of
recommended phase 2 schedule and the assessment of pro-
gression free survival in the first 6 months.

The third prospective, non-randomized, single-arm,
not yet recruiting study (ClinicalTrials.gov Identifier:
NCT04845919) aims to evaluate the safety and feasibility
of SDT by using 5-ALA and Exablate 4000 Type-2 MRg-
FUS in patients newly diagnosed with GB. Patients screened
will undergo SDT treatment, will perform a strict neuro-
radiological follow-up after the procedure (minimum 2 MRI)
and will undergo tumor resection 14-21 days after SDT. The
primary outcome is represented by the early identification of
hemorrhage, oedema, or other damages in the first 10 days;
secondary outcomes are represented by the evaluation of the
rate of neurological deficits and the radiological response to
treatment in the first 10 days after the procedure.

The last nRCT (identifier: NCT 04559685) is a Phase 0
single center, first in human, open-label study of ascend-
ing energy doses of SDT utilizing the MRgFUS combined
with intravenous ALA to assess safety and efficacy in up
to 30 participants with recurrent HGG. The primary out-
comes are to assess the biological changes associated with
the SDT, analyzing the percentage of Cleaved Caspase-3,
MIB-1 level and GammaH2Ax of the surgical specimen.
Secondary outcomes include the evaluation of radiographic
evidence of tumor physiological imaging changes and the
assessment of performance, safety and tolerability of the
MRgFUS and SDT.

Conclusions: challenges, limits, and future
directions

This review explored the current literature regarding the role
of SDT in glioma treatment, and particularly in GB, con-
sidering the evidence from ‘in vitro’ and ‘in vivo’ studies,
and the ongoing clinical trials on its clinical human applica-
tion. We also focused on the possible mechanisms of action
underlying SDT and the role of different sonosensitizers.
The study of the latter seems to enshrine the marriage of
SDT and nanomedicine, paving the way for future research
and new possibilities.

Based on the studies that have been discussed on this
paper and the current ongoing trials, SDT could be a

@ Springer

valuable option in patients with GB, due to the opportunity
to induce toxicity only in a precise localization while mini-
mizing harm in normal areas. Indeed, thanks to the devel-
opment of increasingly sophisticated and accurate software
is possible to target tumor volume precisely. In addition,
nanotechnology-based drug delivery systems have been
developed to enhance the selective accumulation of the
sonosensitizer in tumor cells. Actually, SDTseems to be
more effective in treating GB than low-grade glioma (LGG).
This is because GB cells are more susceptible to the effects
of SDT due to their higher rate of metabolism and greater
degree of angiogenesis compared to LGG cells [38, 106,
107]. However, more research is needed to confirm these
findings and determine the optimal parameters for SDT in
the treatment of different types of brain tumors. Further-
more, the effectiveness of SDT may also depend on other
factors such as tumor size, location, genetic characteristics,
and vascular pattern. For instance, brain tumors located near
the skull base may be more amenable to SDT. The size of
the tumor can also affect the effectiveness of the procedure.
Larger tumors may be more difficult to treat with SDT, as the
ultrasound waves may not be able to penetrate deep enough
into the tumor to effectively kill the cancer cells.

Limitation on the clinical application rely on the fact
that SDT represents a novel technique that needs to be fur-
ther investigated. First, the role of sonosensitizers should
be deepened: many sensitizers are employed in both PDT
and SDT and residuals can accumulate in areas other than
tumors, thus leading to hypersensitivity to light. Strategies
to overcome this limitation are therefore needed, such as the
opportunity to employ microbubbles to carry sonosensitizer
or to employ new sensitizers specific for the SDT. Moreover,
attention should be payed to the phenomenon of cavitation,
which enables the sonochemical reactions to occur. Initiation
of cavitation can be difficult, because of the high pressure
required. Authors suggested some strategies to facilitate the
cavitation, such as the application of standing waves rather
than progressive or the dual frequency sonication [96].

Other major concerns are that US procedures require
long treatment sessions, therefore confining its application
to small volumes, and the lack of in-vivo studies; in this
regard efforts have been made and several ongoing clinical
and pilot trials aim to better define the real clinical employ-
ment of SDT in patients affected by GB [108].

Challenges are also represented by the correct applica-
tion into the neurooncological field of devices currently
employed for other neurological disorders; an example is
given by the essential tremor which benefit from the MRg-
FUS performed with the ExAblate Neuro 4000. It is there-
fore necessary to adapt and modify some characteristic
such as the frequencies employed, which are lower in the
setting of a tumor compared to the treatment of essential
tremor (220 KHz vs 650 KHz) [109].At present, SDT is not
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indicated as a first-line treatment for GB or any other type
of brain cancer.

However, several scenarios are still open: SDT may have
potential as an adjunctive treatment to enhance the effective-
ness of standard therapies, such as chemotherapy via chemo-
sensitization effect, or as a salvage option for patients who
have failed other treatments, alone or in combination to other
techniques to enhance its effect (e.g. hyperthermotherapy).
In some cases, it may also be considered as a primary treat-
ment strategy for patients who are not suitable candidates
for surgery or who have recurrent tumors that are difficult to
treat with other modalities.

Further studies are certainly needed to better define the
role of sonodynamic therapy in these patients and, particu-
larly, the eligibility criteria for this treatment, such as the
stage of disease (i.e., primary, or recurrent GB) and the
opportunity to employ SDT as a first line treatment or as
a palliative strategy, as well as patient condition, such as
KPS or current comorbidities. Finally, the opportunity to
use this technique in brain tumors other than gliomas should
be deepened: over the last years new indications have been
considered as potential targets of the ultrasound therapy,
such as brain metastasis (from breast cancer or melanoma),
neuroblastoma, neurofibromatosis, astrocytomas and pontine
gliomas, and both preclinical and clinical trials are ongoing
[108].
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