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Abstract

Mesenchymal stromal cells (MSCs) have been a popular platform for cell-based
therapy in regenerative medicine due to their propensity to home to damaged tis-
sue and act as a repository of regenerative molecules that can promote tissue repair
and exert immunomodulatory effects. Accordingly, a great deal of research has
gone into optimizing MSC homing and increasing their secretion of therapeutic
molecules. A variety of methods have been used to these ends, but one emerging
technique gaining significant interest is the use of ultrasound. Sound waves exert
mechanical pressure on cells, activating mechano-transduction pathways and alter-
ing gene expression. Ultrasound has been applied both to cultured MSCs to modu-
late self-renewal and differentiation, and to tissues-of-interest to make them a
more attractive target for MSC homing. Here, we review the various applications of
ultrasound to MSC-based therapies, including low-intensity pulsed ultrasound,
pulsed focused ultrasound, and extracorporeal shockwave therapy, as well as the
use of adjunctive therapies such as microbubbles. At a molecular level, it seems that
ultrasound transiently generates a local gradient of cytokines, growth factors, and
adhesion molecules that facilitate MSC homing. However, the molecular mecha-
nisms underlying these methods are far from fully elucidated and may differ
depending on the ultrasound parameters. We thus put forth minimal criteria for
ultrasound parameter reporting, in order to ensure reproducibility of studies in the
field. A deeper understanding of these mechanisms will enhance our ability to opti-
mize this promising therapy to assist MSC-based approaches in regenerative

medicine.
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1 | MESENCHYMAL STROMAL CELL
BIOLOGY

Within the field of regenerative medicine, mesenchymal stromal cells
(MSCs) have been a popular area of research owing to their anti-
inflammatory effects, secretion of growth factors, and ability to home
to damaged tissue.>? MSCs are multipotent cells that, as their name
suggests,? can give rise to various mesenchymal lineages, including
bone, cartilage, and adipose tissue. Though they were first isolated
from bone marrow, MSCs have since been purified from a variety of
other tissues, including adipose,* muscle, dermis,” dental pulp,®
perivasculature,” and Wharton jelly from the umbilical cord.®”

MSCs are believed to play a natural regenerative role in the human
body: in response to tissue damage, MSCs are released into circulation,
where they home to the site of injury in response to inflammatory sig-
nals.2 MSC homing is a multistep process which can be split into five
steps: (a) tethering and rolling, (b) activation, (c) arrest, (d) transmigration/
diapedesis, and (e) nonsystemic migration.’® During tethering, CD44
expressed on the MSC surface catch onto selectins on the endothelium,
after which they begin rolling along the vessel wall.1* Activation is facili-
tated by G-protein coupled chemokine receptors, most prominently
CXCR4, which binds stromal cell-derived factor 1 (SDF-1) released by
inflamed tissue.*? These interactions activate integrins (VLA-4) on the
MSC surface, which then bind to receptors on the endothelium (VCAM-
1) to trigger cell arrest. After arrest, MSCs undergo transmigration or dia-
pedesis to pass through the endothelium. This step is facilitated by the
secretion of enzymes like matrix metalloproteinases (MMPs) that break
down the endothelial basement membrane.*® Finally, having exited the
systemic circulation, MSCs undergo further nonsystemic migration to
reach the injured tissue, guided by chemokines and growth factors.*
Within the tissue, they secrete a variety of factors with powerful
immune-modulating, angiogenic, and antiapoptotic effects.'>” MSCs
are highly immunosuppressive, being able to convert pro-inflammatory
environments into anti-inflammatory environments by suppressing T cell,
B cell, natural killer (NK) cell, and dendritic cell populations, as well as by
expanding regulatory T-cell pools.® Their angiogenic ability is also well
documented, owing to their ability to secrete potent angiogenic factors
like vascular endothelial growth factor (VEGF), insulin-like growth factor
1 alpha, and hepatocyte growth factor (HGF),'” which activate the PI3K-
Akt pathway in endothelial cells to inhibit apoptosis, increase survival,
and stimulate new blood vessel formation.?°

Given these regenerative abilities, there has been great interest in
exploiting the therapeutic potential of MSCs. MSCs can be cultured
in vitro and then transfused into patients, after which they home to
damaged tissue to aid in recovery and serve as an effector for tissue
regeneration.> Several properties make them attractive platforms for
cell-based therapy. They are easy to harvest from bone marrow or
adipose tissue, expand in culture, and can then be transplanted into
patients via an intravenous injection. MSCs appear to be somewhat
immune-privileged,222% and many clinical trials have demonstrated
their safety in humans. Indeed, there are over 100 registered clinical
trials using MSCs for applications such as immune modulation in mul-

tiple sclerosis and type 1 diabetes, tissue protection following
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Significance statement

Mesenchymal stromal cells (MSCs) are a popular platform
for regenerative medicine due to their ability to home to
damaged organs and secrete molecules that spur cell growth
and suppress inflammation. However, there remains a need
to optimize their therapeutic effect for clinical translation.
One such strategy is the use of ultrasound. Ultrasound can
be applied to MSCs to enhance their ability to secrete
regenerative molecules or applied to a target organ to make
it a more attractive destination for infused MSCs. The pre-
sent article reviews the current knowledge of ultrasound's
biological effects and preclinical applications for MSC-based

therapies.

myocardial infarction or liver cirrhosis, and tissue regeneration for
bone and cartilage repair.2* The results of such trials, though promis-
ing, leave much room for improvement. Perhaps the biggest hurdle
encountered by MSCs is their ability to be targeted to their intended
destination. When MSCs are infused intravenously, only a few per-
cent ultimately reach the target tissue due to inefficient homing.2°
Another hurdle is stimulating the MSCs to secrete regenerative fac-
tors in sufficient quantities once they reach the damaged tissue, in
order that they have an appreciable clinical effect.

Many strategies have been used to improve the homing and regen-
erative capabilities of MSCs, including genetic modification, cell surface
engineering, and in vitro priming.2¢2® One novel method for improving
MSC-based therapies comes in the form of ultrasound, which has been
shown to be effective both for improving MSC homing and their regen-
erative capabilities. This review discusses ultrasound-based methods
that have been demonstrated to enhance MSC-based therapies and

the potential molecular mechanisms by which they do so.

2 | THERAPEUTIC ULTRASOUND

Although ultrasound is most commonly used for diagnostic imaging, it
has been adopted for a variety of therapeutic applications since the
1950s.2? Therapeutic ultrasound often utilizes acoustic pressures and
intensities well above those of diagnostic ultrasound (DUS) in order to
elicit some form of biological effect or response. Typically, the ultra-
sound beam is focused to a point within the body, thereby selectively
targeting a specific tissue of interest and avoiding bioeffects in the tis-

sues lying between the ultrasound transducer and the target tissue.

21 | Forms of therapeutic ultrasound

Under the umbrella of ultrasound therapy, a variety of methods have

been investigated, with different modes of delivery, intensity, and
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biological mechanisms. A few specific examples of therapeutic ultra-
sound include high-intensity focused ultrasound (HIFU) for tissue and
tumor ablation,*® histotripsy (the mechanical fractionation of tissue)
to break up and liquefy diseased tissue,3! low-intensity pulsed ultra-
sound (LIPUS) for aiding bone fracture healing,? and extracorporeal
shockwave therapy (ESWT) for breaking kidney and bladder stones.®®
Even DUS has also been used in therapeutic contexts, though always

in conjunction with adjuvants. Adjuvants are agents used to amplify

J

Shockwaves

Continuous  HIFU/

the effect of ultrasound: in ultrasound-mediated microbubble destruc-
tion (UMMD), microscopic bubbles are injected into the bloodstream,
and upon exposure to focused ultrasound, the bubbles cavitate to
cause a variety of physical and biological effects. Researchers have
broadly categorized ultrasound, into low vs high-intensity and contin-
uous vs pulsed methodologies (Figure 1). The labels, however, are
arbitrary and often inconsistent. For organizational purposes, we will

keep the labels as reported in the literature. However, these different
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TABLE 1 Genes modulated by ultrasound in sonicated tissue in vivo

Cytokines

Growth factors

STEM CELLS 853

# TRANSLATIONAL MEDICINE

DUS LIPUS pFUS
Gene +MB —MB +MB —MB +MB ESWT
BMP2 [35]
CCL2/MCP-1 [36] [37-43] [44, 45]
CCL3/MIP-1a [37, 39-41, 43]
CCL4/MIP-1p [40]
CCL5/RANTES [37-41, 43] [45] [35]
CCL11/Eotaxin-1 [40] [45]
CCL12 [45]
CCL20/MIP-3a [45]
ccL22 [45]
CSF1/M-CSF [39, 40, 42, 43] [45]
CSF2/GM-CSF [37, 38, 40, 41] [45]
CSF2RB [45]
CSF3/G-CSF [40, 43] [45]
CXCL1/GRO1 [39, 40, 43] [45]
CXCL2/MIP-2 (39, 40]
CXCL3 [45]
CXCL9/MIG [39, 40, 43] [45]
CXCL10/IP-10 [40, 42] [45]
CXCL12/SDF-1a [36] [46] [37, 39, 41] [47-50] [51-56]
IFN-y [36] [37, 38, 40-42]
IL-1a [36] [40, 41, 43, 57] [45]
IL-1p [58] [37-43] [44, 45, 47, 50] [35, 59]
IL-1R2 [45]
IL-1RA [45]
IL-2 [36] [38-40, 42]
IL-3 [36] [37-40]
IL-4 [37, 40, 43] [44, 45]
IL-5 [37, 38, 40, 43]
IL-6 [38-40, 42] [44, 45]
IL-9 (37, 39]
IL-10 [37-40, 43]
IL-12p40 [37,39,43]
IL-12p70 [40, 43]
IL-13 [39, 40, 43] [45]
IL-15 [39, 40, 43]
IL-17 (38, 39, 43] [45]
IL-18 [40] [45]
IRF1 [45]
LIF [39,40]
SCF [37]
TNF-a [36] [58] [37, 39, 40, 42, 57] [44, 45] [35, 53, 591
TNFR2 [45]
TGF-p [37,42] [35, 60]
EGF [40] [61]
EPO [40] [45]
FGF [38, 40, 41, 43] [45, 62]

(Continues)
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TABLE 1 (Continued)

G LIPUS pFUS
Gene +MB —-MB +MB -MB +MB ESWT
HGF [37,38, 41, 43] [61]
IGF-1 [39]
PDGF [39, 40]
PLGF [38,41]
VEGF [36, 63] [37-43] [45, 47, 48, 50, 62] [51-53, 56, 60]
Adhesion molecules ICAM-1 [37, 38, 40, 41, 43] [61, 62] [35]
LAM [44]
PECAM [52, 53, 56]
SELE [36] [45]
SELEP [45]
VCAM-1 [36, 63] [37-41, 43] [49, 50, 62]
VWF [52]
Matrix remodelers MMP9 [45] [35, 52, 53, 59]
PLAU [45]
Immune C3 [45]
CD40 [45]
CD83 [45]
COX2 [39, 40, 57, 64]
NFKB [39, 40, 57] [45] [35, 53, 59]
NFKBIA [45]
STAT3 [45]
TLR2 [35]
TLR4 [35]
Endocrine ADM [45]
AGT [45]
INS2 [45]
PTGS2 [45]
lon channels TRPC1 [64]
VGCC
Apoptosis BAX [52, 53, 59]
BCL2A1 [45] [35, 52]
BIRC3 [45]
Caspase-3 [35, 52, 53, 59]
PARP [35, 53, 59]
Oxidative stress Cytochrome C [35, 52, 59]
NOX1 [35, 53, 59]
NOX2 [35, 53, 59]
NT-proBNP [40]
PGC-1a [52]
pH2AX [35, 59]
SIRT1 [59]
SIRT3 [59]
eNOS [52, 53]
Other transcription factors EGR2 [45]
MYC [45]
NR4A2 [45]

Abbreviations: DUS, diagnostic ultrasound; ESWT, extracorporeal shockwave therapy; LIPUS, low-intensity pulsed ultrasound; MB, microbubble; pFUS,
pulsed focused ultrasound.
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forms of ultrasound can be better described using a spectrum of

intensities and other parameters.

2.2 | Ultrasound parameters

To understand the various forms of therapeutic ultrasound discussed
in this review, we will briefly review their basic physical parameters.
Ultrasound frequency is the number of times per second a particle
experiences a complete compression and rarefaction cycle, and is
given in units of hertz (Hz) or 1/second. Low-frequency
(20-200 kHz) and medium-frequency (0.7-3.0 MHz) ultrasound have
generally been used for therapeutic purposes, whereas high-
frequency ultrasound (1-20 MHz) is generally used for imaging and
diagnostics.®* In pulsed ultrasound, the transducer administers small
pulses of waves that are temporally separated. The ratio of time that
the transducer is “on” to the total time between the start of the
pulses (ie, time “on” plus time “off”) is called the duty cycle. A duty
cycle of 100% means that the transducer is continuously transmit-
ting, a form of ultrasound called “continuous wave” ultrasound. The
number of pulses transmitted per second is referred to as the pulse
repetition frequency (PRF), given in hertz. These parameters are
illustrated in Figure 2A. The potential for generating bioeffects and
determining safety is often based on the intensity of the transmitted
ultrasound. Intensity is the rate at which energy is deposited per unit
area, often given in units of watts (W) or milliwatts (mW) per square
centimeter (eg, mMW/cm?). Because intensity varies both temporally
(with the “on” and “off” nature of pulses) and spatially (since the
edge of an ultrasound beam is less intense than its center), there are
various ways to describe intensity. The two common measures of
spatial intensity are spatial average (SA) and spatial peak (SP), which
are the average and maximum intensities over the cross-sectional
area of an ultrasound beam, respectively (Figure 2B). There are three
common measures of temporal intensity: temporal average (TA) and
temporal peak (TP), which take the average and maximum intensity
over time, respectively, and pulse average (PA), which takes the
average just when the transducer is on. This makes for a total of six
combinations of temporospatial intensities (SATA, SAPA, SATP,
SPTA, SPPA, SPTP). The mechanical index (Ml) indicates the likeli-
hood of causing a mechanical bioeffect, such as cavitation, and is
defined as the peak negative pressure of the ultrasound wave
divided by the square root of its frequency.

In this review, we focus specifically on those forms of thera-
peutic ultrasound that have been tested in conjunction with
MSC-based therapies. These strategies can be broadly categorized
into two approaches. First are the ones that apply ultrasound to
the target tissue, upregulating the expression of homing factors
so as to make it a more attractive target for MSCs (Table 1). Sec-
ond are the ones that apply ultrasound to cultured MSCs in vitro,
so as to modulate their self-renewal, differentiation, and produc-
tion of regenerative factors (Table 2). These approaches have
been applied to a variety of organ systems and disease models
(Table 3).

¥ TRANSLATIONAL MEDICINE

3 | PULSED FOCUSED ULTRASOUND

Pulsed focused ultrasound (pFUS), sometimes referred to as pulsed
high intensity focused ultrasound, is a therapeutic ultrasound method
that uses short-duration, high-intensity pulses to nondestructively tar-
get tissues of interest. Though there is wide variation in the parame-
ters that constitute pFUS, many of the studies discussed in this
section report lsata = 133 W/cm?, PRF 5 Hz at 5% duty cycle, fre-
quency 1 MHz. pFUS has been shown to be relatively safe, causing
minimal histological alterations.3”*® Although one study found
enlarged gaps between muscle fiber bundles following pFUS sonica-
tion, these differences went away within 72 hours.*%® Although HIFU,
also known as continuous focused ultrasound (cFUS), generates
extreme temperatures to ablate tissue, pFUS avoids tissue damage
and temperature elevation.?” Indeed, heat shock protein-70, which is
strongly upregulated by heat stress, does not appear to increase fol-
lowing pFUS.373%40.104 |nstead, pFUS primarily elicits mechanical
stimulation of the tissue, which upregulates inflammatory and other
chemoattractive molecules. These molecular changes are short-lived,

lasting only around 24-36 hours,*®

enough time to promote MSC
homing to the sonicated area. Importantly, the increased homing fol-
lowing pFUS seems to result not from increased leakiness of the vas-

culature but rather from the induced molecular changes.3®

3.1 | Molecular mechanism of pFUS-mediated
MSC homing

Research on the molecular mechanisms underlying pFUS and its ther-
apeutic potential, though scant, has been gaining steady interest
(Figure 3A). Burks et al conducted one of the first systematic investi-
gations into the molecular response to pFUS,*! using the murine ham-
string muscle as the target organ. Their results demonstrated that
pFUS, unlike cFUS, did not affect histological integrity of the muscle
and did not induce apoptosis. It did, however, create a local cytokine
gradient lasting for 3 days, along with the upregulation of signaling
molecules (SDF-1a, IL-1«, IL-1B, MCP-1, IFNy, MIP-1a, GM-CSF,
RANTES), growth factors (VEGF, FGF, HGF, PLGF), and cell adhesion
molecules (ICAM-1, VCAM-1) on the endothelium. A follow-up study
verified these molecular t:hanges,37 and further demonstrated that the
pFUS-induced cytokine gradient enhanced homing, permeability, and
retention of MSCs to the murine hamstring, around 4.5-fold higher in
treated muscle compared with control groups at 24 hours post-injec-
tion. Homing was further improved with repeated administration of
pFUS and MSC infusions. After three daily doses of combined pFUS
and MSCs, homing was increased nearly fivefold compared with the
single dose treatment. pFUS was also shown to induce an anti-
inflammatory M2 macrophage response, whereas cFUS induced a
pro-inflammatory M1 response. Work by Tebebi et al uncovered
some of the molecular pathways underlying the mechanotransduction
elicited by pFUS.3? They showed via proteomic analysis that the
tumor necrosis factor alpha (TNF-a) is one of the first genes activated

following pFUS to the murine hamstring (around 10 minutes post-
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TABLE 2 Genes modulated by ultrasound in mesenchymal stromal cells (MSCs) in vitro

Adhesion

Cytokines

Proliferation

Growth factors

ECM

Differentiation Stem

Liver

Bone

Cartilage

Adipose

CNS

" TRANSLATIONAL MEDICINE

LIU ET AL.

Gene
CD29/Integrin 1
CD44
CX43
ICAM-1
VCAM-1
CCR2
CXCL5
CXCL12/SDF-1a
CXCR4
IL-8
Cyclin A2
Cyclin B1
Cyclin D1
Cyclin E1
ANGPT
BDNF
NGF
VEGF
MMP13
TIMP2
Nanog
AFP

ALB
CK18
ALP
BMP2
CBFA1
CcoL1
CcoL10
miR-138
OCN/BGLAP
OPG
OPN/SPP1
OSX
RUNX2
Aggrecan
coL2
SOX9
APN
FABP4
PPARy
CACNA1
MAP2
ND1
Nestin
NF-L

Tau

LIUs
[65-67]
[66]
[68]

[65]

[46]
[46, 65]
[72]
[73]
(73]
[73,74]
[73]

[76]
[76]
[72]
[78]
[78,79]
[80]

67,78,79,81,91]
67,79,81,92,93]
67,78,79,81]

HIFU

-MB

(48]

[75]

(75]
[75]
[75]

+MB

[49]
[49]

[49]
[48, 49]

ESWT

[69]

[70]
(53, 71]
(53]

(53]

[71]
[53, 56, 60, 70, 71, 77]

(86, 87]
[77]

(87]

(88]

[87]
(87, 88]

(Continues)
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TABLE 2 (Continued)
HIFU
Gene LIUS —-MB +MB ESWT
Signaling p-Catenin [75]
cMyc [75]
FAK (88]
MAP3K8/COT/TPL2 [89]
MAPK/ERK [72-74, 82, 89] [69]
mTOR [67]
PI3K/AKT [73, 74]
RANKL [83]
ROCK [891]
P2Y receptor [68]
TGFp [77, 86]
WNT1 [75]

Abbreviations: ESWT, extracorporeal shockwave therapy; HIFU, high-intensity focused ultrasound; LIUS, low-intensity ultrasound; MB, microbubble.

TABLE 3 Studies applying ultrasound to mesenchymal stromal cells (MSCs) or MSC-based therapies, organized by organ system

SR LIUS HIFU
Organ system +MB —-MB +MB —-MB +MB ESWT
Adipose [89, 94]
Bone [46, 66,72, 81-85, 89, 90, 96-98] [60, 77, 86-88, 99]
Cartilage [67,78,79, 81, 91-93, 98, 100]
CNS [76, 95] [45, 101] [54, 59]
Heart [63,102] [40] [44, 47-50, 62, 103] [52, 53]
Kidney [36] [38, 57, 64, 104] [61, 105]
Liver [75]
Muscle [37, 39, 41, 43, 64] [35, 51]
Pancreas [42]
Urogenital [58] [55, 56, 71]
Undifferentiated [65, 68, 73, 74, 80] [69,70]

Abbreviations: CNS, central nervous system; DUS, diagnostic ultrasound; ESWT, extracorporeal shockwave therapy; HIFU, high-intensity focused

ultrasound; LIUS, low-intensity ultrasound; MB, microbubble.

treatment). TNF-a was shown to drive NK-kB and subsequently
cyclooxygenase-2 (COX2) activity, which in turn was responsible for
the upregulation of homing factors. Additionally, pFUS was found to
mechanically open the TRPC1 cation channel on the plasma mem-
brane, causing an influx of sodium and calcium that depolarizes the
membrane and activates the voltage-gated calcium channel (VGCC),
causing further calcium influx which activates NF-kB and subse-
quently COX2.%* Indeed, pFUS failed to increase MSC homing to the
muscle when administered alongside ibuprofen (a COX inhibitor) or
etanercept (a TNF-a inhibitor), as well as in COX2-knockout mice.?
Similar results have been achieved in the kidney. Ziadloo et al
exposed murine kidneys to pFUS and demonstrated a similar change

in gene expression as in muscle, including increases in cytokines

(IL-1p, IL-2, IL-3, IL-5, IL-6, IL-10, IL-17, IFNy, MCP-1, GM-CSF,
RANTES), growth factors (VEGF, FGF, HGF, PLGF), and cell adhesion
molecules (ICAM-1, VCAM-1), with expression levels returning to
baseline after 3 days.>® pFUS alone had no effect on renal function
(measured by blood urea nitrogen and serum creatinine) or changes in
renal architecture, and no evidence of increased apoptosis, hemor-
rhage, or necrosis. However, pFUS increased the homing of MSCs to
the kidney, eightfold on day 1 and fivefold on day 3, with this differ-
ence disappearing after day 7. While pFUS increased the expression
of cytokines in the kidney, the combination of pFUS and MSCs did
not, reflecting the latter's anti-inflammatory effect. Importantly, there
was no evidence of extravascular red blood cells (RBCs); since RBCs

are smaller than MSCs, their absence outside the vasculature
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FIGURE 3 Molecular mechanisms of ultrasound. A, Currently
known mechanisms by which pulsed focused ultrasound (pFUS)
enhances mesenchymal stromal cell (MSC) homing in vivo. B, The
effect of low-intensity pulsed ultrasound (LIPUS) and extracorporeal
shockwave therapy (ESWT) on MSC proliferation and differentiation
in vitro. Upregulated markers are listed underneath each lineage.
Involved signaling pathways are shown along the arrows

demonstrates that the increased MSC homing was not due to
increased leakiness of the vessels but rather due to molecular changes
induced by pFUS. Akin to muscle, pFUS caused early elevations in
TNF-a and IL-1a in the kidney, driving molecular responses through
NF-xB- and COX2-dependent pathways that activate cytokines, tro-
phic factors, and cell adhesion molecules.®” Similar to muscle, pFUS to
the kidney mechanically opens TRPC1 cation channels, which in turn
opens voltage-gated VGCC receptors; the ensuing calcium influx acti-
vates NF-kB which drives COX activity.®* Indeed, pFUS failed to
increase kidney homing when paired with ibuprofen (a COX inhibitor),
etanercept (a TNF-a inhibitor), anakinra (an IL-1 receptor antagonist),
or prednisone (an NF-kB translocation inhibitor), or when adminis-
tered to COX2-knockout mice.>”

One study investigated the effect of pFUS on the native pan-
creas.*? Here, pFUS to the pancreas had no effect on tissue histology
and did not elevate serum amylase or lipase (markers of pancreatitis).
Interestingly, the study found a differential effect between lower
(11.5 W/cm?) vs higher (18.5 W/cm?) pFUS intensities. Lower inten-
sity pFUS downregulated growth factors (M-CSF, TGFp, VEGF) and
pro-inflammatory cytokines (IL-1p, IL-2, IL-6, IFN-y, I1P-10, TNF-a),
whereas higher intensity pFUS upregulated growth factors (MCP-1,
TGF-p) and pro-inflammatory cytokines (IL-1p, IFN-y, TNF-a). Though
this study did not measure MSC homing, this differential effect high-
lights that pFUS parameters can greatly influence its bioeffects and
need to be finely tuned based on the desired application.

Based on these studies, a rudimentary understanding of pFUS-
induced MSC homing is beginning to emerge (Figure 3A). However,
much remains unknown regarding the complete molecular mechanism
and the involved signaling pathways. Different intensities and parame-
ters of pFUS may also elicit different tissue responses, a question that
is only beginning to be rigorously explored.

3.2 | Application of pFUS to disease models
Tebebi et al tested pFUS + MSC combination therapy on a mouse
model of critical limb ischemia.*® They found that the combined treat-
ment resulted in a fourfold increase in MSC homing compared with
MSCs alone, even 5 weeks post-injection. It also increased vascular
density (measured by CD31 count) by twofold and decreased the
fibrotic area by ~50%. In addition, pFUS treatment altered gene
expression on the MSCs themselves: MSCs administered in combina-
tion with pFUS expressed more VEGF and IL-10 (threefold and four-
fold, respectively) compared with those administered without pFUS.

Burks et al tested pFUS + MSC therapy on a mouse model of
cisplatin-induced acute kidney injury (AKI) to demonstrate its clinical
potential.'®* They showed that pFUS + MSCs enhanced homing to
the injured kidney (~1.4-fold), improved outcomes of renal function
(65% reduced blood urea nitrogen and 80% reduced serum creati-
nine), prevented apoptosis (60%) and necrosis (80%) in the tubules,
and promoted regeneration significantly more compared with MSCs
only. The combined treatment improved survival and kidney function
even in late therapy (3 days after cisplatin treatment), after renal func-
tion had already declined. A follow-up study elucidated the underlying
mechanism in the AKI model: pFUS upregulates IFNy in the injured
kidney, which stimulates MSCs to produce IL-10, an anti-inflammatory
cytokine that promotes recovery.’®” They also demonstrated that
IFNy stimulation upregulates IL-10 in MSCs in vitro and improves AKI
outcomes more so than unstimulated MSCs. Indeed, pFUS failed to
improve AKI outcomes either if the mice were IFNy-deficient or if the
MSCs were IL-10-deficient.

Several studies have been conducted on the effects of pFUS on

444762 \vhich are

the heart, though most have utilized microbubbles,
discussed below. When targeted to infarcted regions of the canine
myocardium, pFUS with microbubble injection increased expression

of IL-1p, VEGF, VCAM-1, and SDF-1a.*’ In rat hearts, a similar
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treatment elevated the protein levels of IL-1f, IL-4, IL-6, MCP-1, and
TNF-q, although not VEGF.** At least one study has investigated the
molecular changes following pFUS without microbubble destruc-
tion.*® Using a rat model, Jang et al observed a gene expression pat-
tern in the heart following pFUS similar to those in the muscle and
kidney: an initial increase in TNF-a followed by the upregulation of
both pro- and anti-inflammatory cytokines (IL-1a, IL-1p, IL-2, IL-4,
IL-5, IL-13, G-CSF, GM-CSF, MIP-1q, IFN-y, MCP-1, IP-10, GRO-KC,
RANTES) and growth factors (EGF), though again, VEGF was not
increased. These molecular changes returned to baseline after
24 hours. However, they also observed a brief but significant increase
in the cardiac injury marker NT-proBNP, and the use of higher inten-
sity pFUS (>4 MPa) caused myocardial edema and pulmonary hemor-

rhage. Effects on MSC homing efficiency were not measured.

4 | LOW-INTENSITY ULTRASOUND

Low-intensity ultrasound (LIUS), as its name suggests, is administered
at low intensities. The reported values that constitute “low intensity”
are generally in the range of Isata = 0.03-3 W/cm?2.1%8 Although there
is no consistency in the values reported, the “prototypical” parameters
are lsata 30 mW/cm?, PRF 1000 Hz at 20% duty cycle, and frequency
1.5 MHz.%* However, the definition of “low intensity” can also depend
on the application. For example, it is reported that low intensities in
the range of lsata =0.03-0.5 W/cm? can be beneficial for bone
healing, whereas Isata > 0.5 W/cm? (which is considered high inten-
sity) can be detrimental.1%?"*11 L|US can be administered continuously
(which we will term cLIUS), or in pulses (commonly referred to as
LIPUS). As of yet, there is insufficient literature to distinguish the
effects of continuous vs pulsed LIUS, so we will review them here
together. LIUS has long been used for the healing of bone fractures,
most likely by affecting the behavior of osteoblasts.3>112 A few stud-
ies have investigated the mechanotransduction pathways activated by
LIPUS. Yoon et al found that focused LIUS opens connexin-43 (Cx43)
hemichannels on the plasma membrane, releasing ATP into the extra-
cellular space. Extracellular ATP binds P,Y; purinergic receptors to
activate phospholipase C, which produces the secondary messenger
inositol triphosphate (IP;) and the release of intracellular Ca?*
stores.® Parts of this proposed mechanism have also been weakly
supported by previous studies, such as the involvement of CX43%°
and release of extracellular ATP.2° The release of intracellular Ca%*
has interesting parallels with the mechanisms of pFUS as discussed

above (Figure 3A).

41 | Invitro effects of LIUS

Most studies on LIUS have applied it to cultured MSCs in vitro
(Figure 3B). Several studies have demonstrated that both cLIUS” and
LIPUS”® increase MSC proliferation through the activation of MAPK/
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ERK and PI3K/Akt signaling, resulting in upregulation of various cyclins.
LIPUS also enhances in vitro MSC migration and upregulates adhesion
molecules like CXCR4, integrin-1p, and CCR2.46%5 LIUS also has a well-
documented influence on MSC differentiation. There are some incon-
sistencies, however, regarding how it affects MSCs in normal culture
conditions. Kusuyama et al found that LIPUS enhances stemness, in
part by upregulating the stem cell factor Nanog.2° Lai et al, however,
found that LIPUS pushes MSCs toward an osteogenic fate ! whereas
Lee et al found cLIUS to push MSCs to a chondrogenic fate.”’ These
discrepancies may arise due to different ultrasound settings, culture
conditions, or cell source. What has consistently been demonstrated,
however, is that when MSCs are already induced toward a certain fate,
LIUS enhances differentiation toward that lineage. For MSCs cultured
in osteogenic induction media, LIPUS enhances the expression of oste-
ogenic markers such as COL1, COL10, ALP, BMP2, OCN, OPG, OPN,
and OSX, as well as calcium deposition."é"nﬁ1'85’89'90 When MSCs are
cultured in chondrogenic medium, cLIUS and LIPUS enhance the
expression of chondrogenic genes like COL2, aggrecan, SOX9, TIMP2,
and the production of glycosaminoglycans.”®778191-93.100 Eqjiowing
adipogenic induction, LIPUS enhances MSC differentiation into
adipocytes, as indicated by increased expression of PPARy, APN,
and FABP4.8%94 At least one study has shown that when MSCs are cul-
tured in HGF, ultrasound accelerates differentiation into hepatic fates,
based on the expression of AFP, ALP, and CK18,”® though this study
used higher intensity sonication than is typical of LIPUS. Finally, a few
studies have shown that cLIUS?® and LIPUS”® enhance the differentiation
of MSCs into neural fates, increasing secretion of neurotrophic factors
like BDNF and NGF,”® as well as the expression of neural markers
(MAP2, ND1, NF-L, tau) and calcium channels (CACNA1).?® Indeed, in a
rat model of spinal cord injury, administering MSCs that had been
prestimulated with LIPUS better improved locomotor function and
reduced cavity formation.”® In addition, in a mouse model of stroke,
cLIUS-stimulated MSCs better reduced infarct area compared with
unstimulated MSCs.”> However, it is dubious that these therapeutic
effects are the result of MSCs differentiating into neurons to support
regeneration; it is more likely that LIUS enhanced their production of
therapeutic molecules.

A few studies have looked into the molecular mechanism by
which LIUS enhances differentiation (Figure 3B). Chiu et al demon-
strated that LIPUS-mediated enhancement of osteogenesis is due to
upregulation of soluble RANKL,®® though this result seems to conflict
with other studies showing that RANK signaling in MSCs inhibits oste-
ogenesis.?*® Xia et al showed that LIPUS enhances chondrogenesis by
activating mechanotransduction pathways through integrin-mTOR
signaling,®” whereas Kusuyama et al demonstrated LIPUS-mediated
enhancement of both osteogenesis and adipogenesis functions
through the Rho-associated protein kinase (ROCK), which subse-
quently phosphorylates the Cot/Tpl2 kinase, which is then responsible
for activating the MAPK pathway.®? Given that Rho plays a large role
in regulating the cytoskeleton, it may be an effector of LIUS-induced

mechanotransduction.
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4.2 | Invivo effects of LIUS

Although most studies have applied LIUS to cultured MSCs in vitro, a
few have applied it to the actual target tissue in vivo. Two studies have
used animal models of closed bone fractures, administering LIPUS to
the fracture site following an infusion of MSCs.*¢?¢ Both found that
the combined treatment enhances fracture healing and mechanical
strength compared with MSCs alone. However, although one study
suggested that this enhancement was due to increased MSC homing
from upregulated CXCR4/SDF-1 signaling,*® the other study actually
found no increase in the number of MSCs at the fracture site.”

Hui et al used LIPUS to enhance spinal fusion in a rabbit model.””
They implanted a scaffold with or without embedded MSCs and
administered LIPUS to the area post-operation. MSCs + LIPUS had
the highest rate of spinal fusion (86%), compared with MSCs alone
(14%) or scaffold alone (0%). The combined treatment increased new
bone volume and showed the greatest extent of osteochondral bridg-
ing. Another study showed that LIPUS sonication enhances the ability
of MSCs to repair both bone and cartilage in a rat model of
osteochondral defect.”®

5 | EXTRACORPOREAL SHOCK WAVE
THERAPY

ESWT uses high-amplitude acoustic waves to deliver mechanical
forces to the tissue. In ESWT, a shockwave is induced by transmitting
high-pressure ultrasound wave (generally a 1 microsecond spike at
roughly 50 MPa).2? ESWT is traditionally used in kidney stone litho-
tripsy®3 and in physical therapy.!'* Data suggest that the underlying
mechanism of ESWT is based on its ability to reduce inflammatory
reactions, enhance angiogenesis, suppress oxidative stress and apo-
ptosis, and upregulate SDF-1.°%>2 This has led some groups to investi-
gate whether it can enhance MSC-based therapies. As was the case
with LIUS, ESWT has been applied both to cultured MSCs in vitro
(Figure 3B), as well as to target tissues in vivo. Though different types
of ESWT exist, it is infrequently reported in studies, and thus we will

treat them here collectively.

5.1 | Invitro effects of ESWT

In vitro, there is evidence that ESWT increases MSC proliferation by
activation of the MAPK pathway.®” Shockwaves also seem to induce
MSCs to secrete more growth factors and cytokines, such as VEGF
and CXCL5.5%4%7077 |ndeed, the conditioned media of ESWT-treated
MSCs better enhances neurite growth and endothelial tube formation
in vitro. It also increases the expression of homing factors like SDF-1
and improves in vitro migration.>3”? Similar to LIUS, ESWT seems to
enhance the differentiation of MSCs toward osteoprogenitor cells

in vitro, as evidenced by greater expression of osteogenic markers like

RUNX2, BMP2, ALP, OCN, and OSX.””848799 Thjs effect may be

mediated by the activation of focal adhesion kinases.®8

5.2 | Invivo effects of ESWT

The potential for ESWT to enhance MSC-based therapies has been
investigated in a number of organ systems. The following studies all
administered ESWT to the target organ rather than cultured MSCs. In
the central nervous system, Lee et al used a rat model of spinal cord
injury to demonstrate that ESWT enhances MSC engraftment by
enhancing the SDF-1 gradient.>* Chen et al administered ESWT to a
rat model of brain death-induced injury.>® They found that MSCs +
ESWT was superior to either individually, decreasing circulating inflam-
matory cells, reducing apoptosis (decreased cleaved caspase-3, PARP,
and mitochondrial BAX), reducing inflammatory markers (TNF-a,
NF-kB, MMP9, IL-1B), and alleviating oxidative stress (decreased
NOX1, NOX2, and p-H2AX, and increased SIRT1, SIRT3, and mito-
chondrial Cytochrome C).

In a rat model of a segmental femoral defect, ESWT applied to
the bone defect was able to increase MSC homing.®® The MSCs were
found to differentiate into both osteoblastic and chondrocytic fates.
Furthermore, ESWT increased the local expression of both TGFp and
VEGF, which likely played chemotactic and mitogenic roles.

ESWT has also been used in the context of myocardial infarction.
Fu et al administered ESWT to infarcted heart tissue, resulting in
increased vessel density and reduced fibrosis. The sonicated tissue
also showed lower levels of markers for oxidative stress and apopto-
sis.°? In a porcine model of myocardial infarction, Sheu et al demon-
strated that MSCs + ESWT is superior to either treatment alone at
increasing heart function, reducing infarct size, and lessening left ven-
tricular remodeling.53 At the site of infarction, both individual and
combined treatment reduced inflammatory and oxidative stress bio-
markers (MMP9, TNF-a, NF-xkB, NOX1, NOX2), increased angiogene-
sis markers (CXCR4, SDF-1, VEGF, eNOS, CD31), and decreased
apoptosis markers (BAX, cleaved Casp3, PARP). Interestingly, applying
ESWT to MSCs in vitro seemed to increase their expression of
homing and angiogenic factors, including SDF-1, CXCR4, VEGF, and
angiopoietin.

ESWT was applied in combination with MSCs in a rat model of
acute ischemia-reperfusion muscle injury. This combination of MSC +
ESWT markedly improved muscle repair more so than either treat-
ment alone.®> After 7 days, both the individual and combined treat-
ment condition exhibited decreased fibrosis (decreased TGF-f,
p-SMAD3, and increased BMP2, p-SMAD1/5), reduced inflammation
(decreased ICAM-1, MMP9, TNF-a, NF-kB, RANTES, TLR2, TLR4,
IL-1p), less DNA-damage (decreased p-H2AX), decreased apoptosis
(decreased cytoplasmic cytochrome c, cleaved Casp3, PARP, and
increased Bcl-2), lower oxidative stress (decreased NOX1, NOX2), and
increased angiogenesis in the damaged muscle. ESWT also
upregulated SDF-1 and VEGF in the muscle.>?
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Various diabetic complications have also been shown to be
improved by MSCs and ESWT. In rat models of diabetic erectile dys-
function, MSCs + ESWT to the penile tissue was shown to enhance
the number of MSCs engrafted in the corpus cavernosum and
improve erectile function.’>>® ESWT not only induced VEGF expres-
sion in MSCs but also increased the expression of homing molecules
in the penile tissue, such as SDF-1 and PECAM. The upregulation of
PECAM s interesting, as it is a well-known molecule in leukocyte
transmigration; whether it has the same role in MSC transmigration
has yet to be shown. In a rat model of diabetic bladder dysfunction,
MSCs + ESWT to the bladder improved MSC engraftment and voiding
function.”! There was increased expression of SDF-1 and VEGF, as
well as the neural growth factor NGF, which could collectively
improve the vascularization and innervation of the bladder.

Even with a wealth of preclinical data, there is currently no mech-
anistic understanding of how ESWT enhances regeneration and how
it might synergize with MSC-based therapies. More rigorous molecu-
lar studies are necessary to understand what pathways are being acti-
vated in the tissue immediately following ESWT administration.

6 | ULTRASOUND-MEDIATED
MICROBUBBLE DESTRUCTION

Many groups have used adjuvants alongside ultrasound to enhance its
therapeutic effects. UMMD has been a popular area of research for
improving MSC homing. Microbubbles are 1-10 um gas bubbles tradi-
tionally used as a contrast agent for ultrasound imaging, though they
can also be used to enhance therapeutic effects of ultrasound, such as
increasing the porosity of tissue. Sound waves applied to micro-
bubbles can generate fluid microjets, shock waves, streaming, and
cavitation forces that give rise to shear stresses on the cellular mem-
brane that disrupt endothelial linings and increase vascular permeabil-
ity.22°118 The increased permeability has been exploited to improve
drug and gene delivery to various tissues, including the heart''? and
across the blood-brain barrier.#>12%121 The same principle has been
applied to increase MSC homing. It is unclear whether the type of
ultrasound influences the efficacy of UMMD; most studies have used
pFUS, though some have used cFUS,*847 LIUS,>® or even DUS.36:¢3
Several groups have tested UMMD in combination with MSCs to
treat cardiac damage resulting from myocardial infarction. Clinically, the
combination of MSCs plus UMMD appears to improve heart function,
decrease infarct area, and increase capillary density more than either
treatment alone 448-506263,102,103 Following UMMD, more MSCs

49102 hrobably through a com-

were found in the infarcted myocardium,
bination of increased vascular permeability and alterations to the micro-
environment. Indeed, UMMD causes an upregulation of SDF-1 at the
target tissue and CXCR4 on the MSCs, which would promote their acti-
vation.*®%° Adhesion molecules are also found to be upregulated in the

sonicated tissue (VCAM-1, ICAM-1)49506263 orowth factors (VEGF,
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FGF),¥8506263 and cytokines (IL-1p, IL-4, IL-6, MCP1, TNF-a),**°
which would further promote MSC homing and facilitate regeneration.
In a rat model of stroke, UMMD has been shown to enhance MSC
homing to the brain twofold, compared with either MSCs alone or
ultrasound without microbubbles.’®* MSCs + UMMD better reduced
infarct volume, cerebral edema, and the neurological severity score,
though no molecular mechanisms were investigated.

In the prostate, UMMD has been shown to enhance MSC homing
in a rat model of chronic bacterial prostatitis, reducing inflammatory
cell infiltration and fibrous tissue hyperplasia.’® The combined MSC
+ UMMD treatment reduced TNF-a and IL-1p levels in the prostate,
reflecting reduced inflammation; the individual treatments, however,
did not result in such a reduction.

In the kidney, UMMD has been used to enhance MSC homing in
a mouse model of diabetes.>® The sonication resulted in increased
local expression of cytokines (IL-1«a, IL-2, IL-3, IFN-y, TNF-a, MCP-1),
integrins (VCAM-1), selectins (E-selectin), and trophic factors (SDF-1,
VEGF). No signs of kidney damage were observed resulting from
UMMD. In a rat model of AKI, UMMD was able to increase MSC
homing to the kidney 2.4-fold compared with MSCs alone. It also
upregulated integrins (ICAM-1) and growth factors (HGF, EFG) in the
sonicated tissue and reduced histological signs of kidney damage.®*
Wu et al developed microbubbles loaded with SDF-1.2%° Infusion of
the SDF-1-loaded microbubbles followed by focused ultrasound to
the kidney enhanced MSC homing 1.8-fold compared with normal
microbubbles and 6.6-fold over ultrasound alone.

UMMD appears to elicit a greater therapeutic response than ultra-
sound alone. However, it does come with an inherent problem: micro-
bubble cavitation disrupts tissue integrity and cell membranes and can
thus cause hemorrhage.1212* Though some studies report finding no
evidence of such micro-hemorrhages,2>12¢ UMMD in its current state
is still faced with some safety concerns. There are few studies specifi-
cally seeking to improve the safety of UMMD, which may depend on

various parameters of the sound waves used for cavitation.

7 | DISCUSSION

Here we have presented a comprehensive review of the methods by
which ultrasound has been leveraged to enhanced MSC-based thera-
pies. A variety of strategies exist: whether to sonicate the cultured
MSCs or the target tissue, whether to utilize adjuvants like micro-
bubbles, and whether to use low- or high-intensity sound waves. The
large number of studies in this field has implicated several potential
pathways by which sound waves exert their biological effects through
mechanotransduction; however, further studies still need to be per-
formed to completely understand the exact mechanisms involved.
Indeed, future studies need to systematically investigate the immedi-
ate and long-term responses in sonicated tissue as a function of ultra-

sound intensity.
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7.1 | The need for standardization in ultrasound

parameter reporting

One of the most pressing needs in the field is standardization in ultra-
sound parameter reporting. The simple categorization scheme shown
in Figure 1 is insufficient; for instance, the intensities used under the
umbrella of “pFUS” span orders of magnitude. More problematic is
that many studies do not report intensity parameters, and of the ones
that do, most do not state what kind of intensity was measured. This
trend is troubling for the reproducibility of studies in this field and
makes meta-analyses impossible. We therefore recommend that all
studies using therapeutic ultrasound to optimize cell therapy report
temporal average intensities (Isata and Ispta), because the induced
bioeffects in these studies are dependent on the temporal application
of ultrasound. Isata describes the average acoustic power applied to
tissue over time. lspra, although perhaps less useful, describes the
maximum power applied to the tissue over the course of the treat-
ment. Ml (or frequency and peak negative pressure) should also be
reported, as it indicates the extent of mechanical bioeffects. Further-
more, all studies utilizing microbubbles should additionally report the
temporal peak intensities (Isatp and Isprp). Because bubbles are
responsive to the instantaneous pressure, the temporal peak intensi-
ties will be informative of the therapeutic effect of microbubbles.

With improved reporting, researchers in the field will be better
equipped not only to reproduce studies but also to expand upon, and
further refine, therapeutic efficacy. Ultrasound as a method to
improve MSC-based therapies is a vast area for further research that
is frequently emerging with new data to improve its utilization. Opti-
mizing this clinical strategy would be a boon to the field of regenera-
tive medicine, broadly boosting the effectiveness of therapeutics in
applications from immune modulation to regeneration.

ACKNOWLEDGMENTS

This work was supported by the NIDDK/NIH grant DK119293 and
the Stanford Diabetes Research Center grant (P30DK116074), the
Kidney for Dane Community, the Akiko Yamzaki and Jerry Yang Fac-
ulty Scholar Fund in Pediatric Translational Medicine from the
Stanford Maternal and Child Health Research Institute, the Focused
Ultrasound Foundation, and the SIR Foundation Ring Development
Grant.

CONFLICT OF INTEREST

The authors declared no potential conflicts of interest.

AUTHOR CONTRIBUTIONS

D.D.L.: conception and design, administrative support, collection
and/or assembly of data, data analysis and interpretation, manuscript
writing; M.U.: conception and design, collection and/or assembly of
data; W.C.: conception and design, financial support; J.J.D.: concep-
tion and design, data analysis and interpretation, manuscript writing,
final approval of manuscript; A.S.T.: conception and design, financial

support, administrative support, final approval of manuscript.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were cre-

ated or analyzed in this study.

ORCID

Avnesh S. Thakor ' https://orcid.org/0000-0001-7395-0515

REFERENCES

1. Caplan Al. Why are MSCs therapeutic? New data: new insight.
J Pathol. 2009;217(2):318-324.

2. Chapel A, Bertho JM, Bensidhoum M, et al. Mesenchymal stem cells
home to injured tissues when co-infused with hematopoietic cells to
treat a radiation-induced multi-organ failure syndrome. J Gene Med.
2003;5(12):1028-1038.

3. Friedenstein AJ et al. Heterotopic of bone marrow. Analysis of pre-
cursor cells for osteogenic and hematopoietic tissues. Transplanta-
tion. 1968;6(2):230-247.

4. Zuk PA, Zhu M, Ashjian P, et al. Human adipose tissue is a
source of multipotent stem cells. Mol Biol Cell. 2002;13(12):
4279-4295.

5. Young HE, Steele TA, Bray RA, et al. Human reserve pluripotent
mesenchymal stem cells are present in the connective tissues of
skeletal muscle and dermis derived from fetal, adult, and geriatric
donors. Anat Rec. 2001;264(1):51-62.

6. Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal human
dental pulp stem cells (DPSCs) in vitro and in vivo. Proc Natl Acad Sci
U S A. 2000;97(25):13625-13630.

7. Crisan M, Yap S, Casteilla L, et al. A perivascular origin for mesenchy-
mal stem cells in multiple human organs. Cell Stem Cell. 2008;3(3):
301-313.

8. Campagnoli C, Roberts IAG, Kumar S, Bennett PR, Bellantuono |,
Fisk NM. lIdentification of mesenchymal stem/progenitor cells in
human first-trimester fetal blood, liver, and bone marrow. Blood.
2001;98(8):2396-2402.

9. in 't Anker PS et al. Mesenchymal stem cells in human second-
trimester bone marrow, liver, lung, and spleen exhibit a similar
immunophenotype but a heterogeneous multilineage differentiation
potential. Haematologica. 2003;88(8):845-852.

10. Sackstein R. The lymphocyte homing receptors: gatekeepers of the
multistep paradigm. Curr Opin Hematol. 2005;12(6):444-450.

11. Sackstein R, Merzaban JS, Cain DW, et al. Ex vivo glycan engineering
of CD44 programs human multipotent mesenchymal stromal cell
trafficking to bone. Nat Med. 2008;14(2):181-187.

12. Lau TT, Wang DA. Stromal cell-derived factor-1 (SDF-1): homing
factor for engineered regenerative medicine. Expert Opin Biol Ther.
2011;11(2):189-197.

13. Steingen C, Brenig F, Baumgartner L, Schmidt J, Schmidt A,
Bloch W. Characterization of key mechanisms in transmigration and
invasion of mesenchymal stem cells. J Mol Cell Cardiol. 2008;44(6):
1072-1084.

14. Ponte AL, Marais E, Gallay N, et al. The in vitro migration capacity of
human bone marrow mesenchymal stem cells: comparison of che-
mokine and growth factor chemotactic activities. Stem CeLts. 2007;25
(7):1737-1745.

15. Le Blanc K, Mougiakakos D. Multipotent mesenchymal stromal cells
and the innate immune system. Nat Rev Immunol. 2012;12(5):
383-396.

16. Singer NG, Caplan Al. Mesenchymal stem cells: mechanisms of
inflammation. Annu Rev Pathol. 2011;6:457-478.

17. Bronckaers A, Hilkens P, Martens W, et al. Mesenchymal
stem/stromal cells as a pharmacological and therapeutic approach to
accelerate angiogenesis. Pharmacol Ther. 2014;143(2):181-196.


https://orcid.org/0000-0001-7395-0515
https://orcid.org/0000-0001-7395-0515

ULTRASOUND FOR ENHANCING MSC-BASED THERAPIES

STEM CELLS 863

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Wang M, Yuan Q, Xie L. Mesenchymal stem cell-based immuno-
modulation: properties and clinical application. Stem Cells Int. 2018;
2018:3057624.

Angoulvant D, Ivanes F, Ferrera R, Matthews PG, Nataf S, Ovize M.
Mesenchymal stem cell conditioned media attenuates in vitro and
ex vivo myocardial reperfusion injury. J Heart Lung Transplant. 2011;
30(1):95-102.

Hung SC, Pochampally RR, Chen SC, Hsu SC, Prockop DJ. Angio-
genic effects of human multipotent stromal cell conditioned medium
activate the PI3K-Akt pathway in hypoxic endothelial cells to inhibit
apoptosis, increase survival, and stimulate angiogenesis. Stem CeLLs.
2007;25(9):2363-2370.

Majumdar MK, Keane-Moore M, Buyaner D, et al. Characterization
and functionality of cell surface molecules on human mesenchymal
stem cells. J Biomed Sci. 2003;10(2):228-241.

Oh W, Kim DS, Yang YS, Lee JK. Immunological properties of umbili-
cal cord blood-derived mesenchymal stromal cells. Cell Immunol.
2008;251(2):116-123.

von Bahr L, Sundberg B, Lonnies L, et al. Long-term complications,
immunologic effects, and role of passage for outcome in mesenchy-
mal stromal cell therapy. Biol Blood Marrow Transplant. 2012;18(4):
557-564.

Frenette PS, Pinho S, Lucas D, Scheiermann C. Mesenchymal stem
cell: keystone of the hematopoietic stem cell niche and a stepping-
stone for regenerative medicine. Annu Rev Immunol. 2013;31:
285-316.

Devine SM, Cobbs C, Jennings M, Bartholomew A, Hoffman R. Mes-
enchymal stem cells distribute to a wide range of tissues following
systemic infusion into nonhuman primates. Blood. 2003;101(8):
2999-3001.

De Becker A, Van Riet I. Homing and migration of mesenchymal
stromal cells: how to improve the efficacy of cell therapy? World J
Stem Cells. 2016;8(3):73-87.

Zachar L, Bacenkova D, Rosocha J. Activation, homing, and role of
the mesenchymal stem cells in the inflammatory environment.
J Inflamm Res. 2016;9:231-240.

Nitzsche F, Miiller C, Lukomska B, Jolkkonen J, Deten A, Boltze J.
Concise review: MSC adhesion cascade-insights into homing and
transendothelial migration. Stem Ceits. 2017;35(6):1446-1460.

Miller DL, Smith NB, Bailey MR, et al. Overview of therapeutic ultra-
sound applications and safety considerations. J Ultrasound Med.
2012;31(4):623-634.

Klingler HC, Susani M, Seip R, Mauermann J, Sanghvi N,
Marberger MJ. A novel approach to energy ablative therapy of small
renal tumours: laparoscopic high-intensity focused ultrasound. Eur
Urol. 2008;53(4):810-818.

Xu Z, Ludomirsky A, Eun LY, et al. Controlled ultrasound tissue ero-
sion. IEEE Trans Ultrason Ferroelectr Freq Control. 2004;51(6):
726-736.

Mundi R, Petis S, Kaloty R, Shetty V, Bhandari M. Low-intensity
pulsed ultrasound: fracture healing. Indian J Orthopaed. 2009;43(2):
132-140.

Weizer AZ, Zhong P, Preminger GM. New concepts in shock wave
lithotripsy. Urol Clin North Am. 2007;34(3):375-382.

Xin Z, Lin G, Lei H, Lue TF, Guo Y. Clinical applications of low-
intensity pulsed ultrasound and its potential role in urology. Transl
Androl Urol. 2016;5(2):255-266.

Yin TC et al. Combined therapy with extracorporeal shock wave and
adipose-derived mesenchymal stem cells remarkably improved acute
ischemia-reperfusion injury of quadriceps muscle. Oxid Med Cell
Longev. 2018;2018:6012636.

Wang G, Zhuo Z, Yang B, et al. Enhanced homing ability and reten-
tion of bone marrow stromal cells to diabetic nephropathy by
microbubble-mediated diagnostic ultrasound irradiation. Ultrasound
Med Biol. 2015;41(11):2977-2989.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

¥ TRANSLATIONAL MEDICINE

Burks SR, Ziadloo A, Kim SJ, Nguyen BA, Frank JA. Noninvasive
pulsed focused ultrasound allows spatiotemporal control of targeted
homing for multiple stem cell types in murine skeletal muscle and
the magnitude of cell homing can be increased through repeated
applications. Stem Certs. 2013;31(11):2551-2560.

Ziadloo A, Burks SR, Gold EM, et al. Enhanced homing permeability
and retention of bone marrow stromal cells by noninvasive pulsed
focused ultrasound. Stem CeLts. 2012;30(6):1216-1227.

Tebebi PA, Burks SR, Kim SJ, et al. Cyclooxygenase-2 or tumor
necrosis factor-alpha inhibitors attenuate the mechanotransductive
effects of pulsed focused ultrasound to suppress mesenchymal stro-
mal cell homing to healthy and dystrophic muscle. Stem Ceits. 2015;
33(4):1173-1186.

Jang KW, Tu TW, Nagle ME, Lewis BK, Burks SR, Frank JA. Molecu-
lar and histological effects of MR-guided pulsed focused ultrasound
to the rat heart. J Transl Med. 2017;15(1):252.

Burks SR, Ziadloo A, Hancock HA, et al. Investigation of cellular and
molecular responses to pulsed focused ultrasound in a mouse model.
PLoS One. 2011;6(9):e24730.

Razavi M et al. Effect of pulsed focused ultrasound on the native
pancreas. Ultrasound Med Biol. 2019;46(3):630-638.

Tebebi PA, Kim SJ, Williams RA, et al. Improving the therapeutic effi-
cacy of mesenchymal stromal cells to restore perfusion in critical
limb ischemia through pulsed focused ultrasound. Sci Rep. 2017;7:
41550.

Ghanem A, Steingen C, Brenig F, et al. Focused ultrasound-induced
stimulation of microbubbles augments site-targeted engraftment of
mesenchymal stem cells after acute myocardial infarction. J Mol Cell
Cardiol. 2009;47(3):411-418.

Kovacs ZI, Kim S, Jikaria N, et al. Disrupting the blood-brain barrier
by focused ultrasound induces sterile inflammation. Proc Natl Acad
Sci USA.2017;114(1):E75-E84.

Wei FY et al. Low intensity pulsed ultrasound enhanced mesenchy-
mal stem cell recruitment through stromal derived Factor-1 signaling
in fracture healing. PLoS One. 2014;9(9):e106722.

Zhong S, Shu S, Wang Z, et al. Enhanced homing of mesenchymal
stem cells to the ischemic myocardium by ultrasound-targeted
microbubble destruction. Ultrasonics. 2012;52(2):281-286.

Tong J, Ding J, Shen X, et al. Mesenchymal stem cell transplantation
enhancement in myocardial infarction rat model under ultrasound
combined with nitric oxide microbubbles. PLoS One. 2013;8(11):
e80186.

Li L et al. Ultrasound-targeted microbubble destruction improves the
migration and homing of mesenchymal stem cells after myocardial
infarction by upregulating SDF-1/CXCR4: a pilot study. Stem Cells
Int. 2015;2015:691310.

Ling ZY, Shu SY, Zhong SG, et al. Ultrasound targeted microbubble
destruction promotes angiogenesis and heart function by inducing
myocardial microenvironment change. Ultrasound Med Biol. 2013;39
(11):2001-2010.

Aicher A, Heeschen C, Sasaki Kl, Urbich C, Zeiher AM, Dimmeler S.
Low-energy shock wave for enhancing recruitment of endothelial
progenitor cells: a new modality to increase efficacy of cell therapy
in chronic hind limb ischemia. Circulation. 2006;114(25):2823-2830.
Fu M, Sun CK, Lin YC, et al. Extracorporeal shock wave therapy
reverses ischemia-related left ventricular dysfunction and remo-
deling: molecular-cellular and functional assessment. PLoS One.
2011;6(9):e24342.

Sheu JJ, Lee FY, Yuen CM, et al. Combined therapy with shock
wave and autologous bone marrow-derived mesenchymal stem
cells alleviates left ventricular dysfunction and remodeling through
inhibiting inflammatory stimuli, oxidative stress & enhancing angio-
genesis in a swine myocardial infarction model. Int J Cardiol. 2015;
193:69-83.



864

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

STEM CELLS

LIU ET AL.

%® TRANSLATIONAL MEDICINE

Lee JY, Ha KY, Kim JW, Seo JY, Kim YH. Does extracorporeal shock
wave introduce alteration of microenvironment in cell therapy for
chronic spinal cord injury? Spine. 2014;39(26):E1553-E1559.

Shan HT, Zhang HB, Chen WT, et al. Combination of low-energy
shock-wave therapy and bone marrow mesenchymal stem cell trans-
plantation to improve the erectile function of diabetic rats. Asian J
Androl. 2017;19(1):26-33.

Zhu GQ et al. Efficient promotion of autophagy and angiogenesis
using mesenchymal stem cell therapy enhanced by the low-energy
shock waves in the treatment of erectile dysfunction. Stem Cells Int.
2018;2018:1302672.

Burks SR, Nguyen BA, Bresler MN, Nagle ME, Kim SJ, Frank JA.
Anti-inflammatory drugs suppress ultrasound-mediated mesenchy-
mal stromal cell tropism to kidneys. Sci Rep. 2017;7(1):8607.

Yi S, Han G, Shang Y, et al. Microbubble-mediated ultrasound pro-
motes accumulation of bone marrow mesenchymal stem cell to the
prostate for treating chronic bacterial prostatitis in rats. Sci Rep.
2016;6:19745.

Chen KH, Hsiao HY, Glenn Wallace C, et al. Combined adipose-
derived mesenchymal stem cells and low-energy extracorporeal
shock wave therapy protect the brain from brain death-induced
injury in rat. J Neuropathol Exp Neurol. 2019;78(1):65-77.

Chen YJ, Wurtz T, Wang CJ, et al. Recruitment of mesenchymal
stem cells and expression of TGF-beta 1 and VEGF in the early stage
of shock wave-promoted bone regeneration of segmental defect in
rats. J Orthop Res. 2004;22(3):526-534.

Tang HL, Wang ZG, Li Q, et al. Targeted delivery of bone mesenchy-
mal stem cells by ultrasound destruction of microbubbles promotes
kidney recovery in acute kidney injury. Ultrasound Med Biol. 2012;38
(4):661-669.

Zen K, Okigaki M, Hosokawa Y, et al. Myocardium-targeted delivery
of endothelial progenitor cells by ultrasound-mediated microbubble
destruction improves cardiac function via an angiogenic response.
J Mol Cell Cardiol. 2006;40(6):799-809.

Xu YL, Gao YH, Liu Z, et al. Myocardium-targeted transplantation of
mesenchymal stem cells by diagnostic ultrasound-mediated micro-
bubble destruction improves cardiac function in myocardial infarc-
tion of New Zealand rabbits. Int J Cardiol. 2010;138(2):182-195.
Burks SR, Lorsung RM, Nagle ME, Tu TW, Frank JA. Focused ultra-
sound activates voltage-gated calcium channels through depolarizing
TRPC1 sodium currents in kidney and skeletal muscle. Theranostics.
2019;9(19):5517-5531.

Xiao WX et al. Different performances of CXCR4, integrin-1 beta
and CCR-2 in bone marrow stromal cells (BMSCs) migration by low-
intensity pulsed ultrasound stimulation. Biomed Tech (Berl). 2017;62
(1):89-95.

Lim K et al. In vitro effects of low-intensity pulsed ultrasound
stimulation on the osteogenic differentiation of human alveolar
bone-derived mesenchymal stem cells for tooth tissue engineering.
Biomed Res Int. 2013;2013:269724.

Xia P, Wang X, Qu Y, et al. TGF-beta 1-induced chondrogenesis of
bone marrow mesenchymal stem cells is promoted by low-intensity
pulsed ultrasound through the integrin-mTOR signaling pathway.
Stem Cell Res Ther. 2017;8:281.

Yoon CW, Jung H, Goo K, et al. Low-intensity ultrasound modulates
ca(2+) dynamics in human mesenchymal stem cells via connexin
43 hemichannel. Ann Biomed Eng. 2018;46(1):48-59.

Raabe O, Shell K, Goessl A, et al. Effect of extracorporeal shock
wave on proliferation and differentiation of equine adipose tissue-
derived mesenchymal stem cells in vitro. Am J Stem Cells. 2013;2(1):
62-73.

Zhao Y, Wang J, Wang M, et al. Activation of bone marrow-derived
mesenchymal stromal cells a new mechanism of defocused low-
energy shock wave in regenerative medicine. Cytotherapy. 2013;15
(12):1449-1457.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

JinY, Xu L, Zhao Y, Wang M, Jin X, Zhang H. Endogenous stem cells
were recruited by defocused low-energy shock wave in treating dia-
betic bladder dysfunction. Stem Cell Rev Rep. 2017;13(2):287-298.
Carina V, Costa V, Raimondi L, et al. Effect of low-intensity pulsed
ultrasound on osteogenic human mesenchymal stem cells commit-
ment in a new bone scaffold. J Appl Biomater Funct Mater. 2017;15
(3):215-e222.

Ling L et al. Low-intensity pulsed ultrasound activates ERK1/2 and
PI3K-Akt signalling pathways and promotes the proliferation of
human amnion-derived mesenchymal stem cells. Cell Prolif. 2017;50
(6):12383.

Budhiraja G, Sahu N, Subramanian A. Low-intensity ultrasound
upregulates the expression of cyclin-D1 and promotes cellular prolif-
eration in human mesenchymal stem cells. Biotechnol J. 2018;13(4):
e€1700382.

Li F, LiuY, Cai Y, et al. Ultrasound irradiation combined with hepato-
cyte growth factor accelerate the hepatic differentiation of human
bone marrow mesenchymal stem cells. Ultrasound Med Biol. 2018;44
(5):1044-1052.

Ning GZ, Song WY, Xu H, et al. Bone marrow mesenchymal stem
cells stimulated with low-intensity pulsed ultrasound: better choice
of transplantation treatment for spinal cord injury: treatment for SCI
by LIPUS-BMSCs transplantation. CNS Neurosci Ther. 2019;25(4):
496-508.

Wang CJ, Yang KD, Ko JY, Huang CC, Huang HY, Wang FS. The
effects of shockwave on bone healing and systemic concentrations
of nitric oxide (NO), TGF-beta1, VEGF and BMP-2 in long bone non-
unions. Nitric Oxide. 2009;20(4):298-303.

Cui JH, Park SR, Park K, Choi BH, Min BH. Preconditioning of mes-
enchymal stem cells with low-intensity ultrasound for cartilage for-
mation in vivo. Tissue Eng. 2007;13(2):351-360.

Lee HJ, Choi BH, Min BH, Son YS, Park SR. Low-intensity ultrasound
stimulation enhances chondrogenic differentiation in alginate culture
of mesenchymal stem cells. Artif Organs. 2006;30(9):707-715.
Kusuyama J, Hwan Seong C, Ohnishi T, Bandow K, Matsuguchi T.
10. Low-intensity pulsed ultrasound (LIPUS) stimulation helps to
maintain the differentiation potency of mesenchymal stem cells by
induction in Nanog protein transcript levels and phosphorylation.
J Orthop Trauma. 2016;30(8):54-S5.

Lai CH, Chen SC, Chiu LH, et al. Effects of low-intensity pulsed ultra-
sound, dexamethasone/TGF-betal and/or BMP-2 on the transcrip-
tional expression of genes in human mesenchymal stem cells:
chondrogenic vs. osteogenic differentiation. Ultrasound Med Biol.
2010;36(6):1022-1033.

Costa V, Carina V, Fontana S, et al. Osteogenic commitment and
differentiation of human mesenchymal stem cells by low-intensity
pulsed ultrasound stimulation. J Cell Physiol. 2018;233(2):
1558-1573.

Chiu CY, Tsai TL, Vanderby R Jr, Bradica G, Lou SL, Li WJ.
Osteoblastogenesis of mesenchymal stem cells in 3-D culture
enhanced by low-intensity pulsed ultrasound through soluble recep-
tor activator of nuclear factor kappa B ligand. Ultrasound Med Biol.
2015;41(7):1842-1852.

Zhou X, Castro NJ, Zhu W, et al. Improved human bone marrow
mesenchymal stem cell osteogenesis in 3D bioprinted tissue scaf-
folds with low intensity pulsed ultrasound stimulation. Sci Rep. 2016;
6:32876.

An Y, Song Y, Wang Z, et al. Effect of low-intensity pulsed ultra-
sound on the biological behaviors of bone marrow mesenchymal
stem cells on titanium with different surface topographies.
Am J Trans| Res. 2018;10(1):67-76.

Wang FS, Yang KD, Chen RF, Wang CJ, Sheen-Chen SM. Extracor-
poreal shock wave promotes growth and differentiation of bone-
marrow stromal cells towards osteoprogenitors associated with
induction of TGF-betal. J Bone Joint Surg Br. 2002;84(3):457-461.



ULTRASOUND FOR ENHANCING MSC-BASED THERAPIES

STEM CELLS 865

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Chen Y, Xu J, Huang Z, et al. An innovative approach for enhancing
bone defect healing using PLGA scaffolds seeded with
extracorporeal-shock-wave-treated bone marrow mesenchymal
stem cells (BMSCs). Sci Rep. 2017;7:44130.

Hu J, Liao H, Ma Z, et al. Focal adhesion kinase signaling mediated
the enhancement of osteogenesis of human mesenchymal stem
cells induced by extracorporeal shockwave. Sci Rep. 2016;6:
20875.

Kusuyama J, Bandow K, Shamoto M, Kakimoto K, Ohnishi T,
Matsuguchi T. Low intensity pulsed ultrasound ( LIPUS) influences
the multilineage differentiation of mesenchymal stem and progenitor
cell lines through ROCK-cot/Tpl2-MEK-ERK signaling pathway.
J Biol Chem. 2014;289(15):10330-10344.

Yue Y, Yang X, Wei X, et al. Osteogenic differentiation of adipose-
derived stem cells prompted by low-intensity pulsed ultrasound. Cell
Prolif. 2013;46(3):320-327.

Ebisawa K, Hata Kl, Okada K, et al. Ultrasound enhances trans-
forming growth factor beta-mediated chondrocyte differentiation of
human mesenchymal stem cells. Tissue Eng. 2004;10(5-6):921-929.
Aliabouzar M, Zhang LG, Sarkar K. Lipid coated microbubbles and
low intensity pulsed ultrasound enhance Chondrogenesis of human
mesenchymal stem cells in 3D printed scaffolds. Sci Rep. 2016;6:
37728.

Aliabouzar M, Lee SJ, Zhou X, Zhang GL, Sarkar K. Effects of scaffold
microstructure and low intensity pulsed ultrasound on chondrogenic
differentiation of human mesenchymal stem cells. Biotechnol Bioeng.
2018;115(2):495-506.

Fu N, Yang X, Ba K, et al. Low-intensity pulsed ultrasound induced
enhanced adipogenesis of adipose-derived stem cells. Cell Prolif.
2013;46(3):312-319.

Cho SE, Kim YM, Jeong JS, Seo YK. The effect of ultrasound for
increasing neural differentiation in hBM-MSCs and inducing neuro-
genesis in ischemic stroke model. Life Sci. 2016;165:35-42.

Cheung WH, Chin WC, Wei FY, Li G, Leung KS. Applications of
exogenous mesenchymal stem cells and low intensity pulsed ultra-
sound enhance fracture healing in rat model. Ultrasound Med Biol.
2013;39(1):117-125.

Hui CFF, Chan CW, Yeung HY, et al. Low-intensity pulsed ultra-
sound enhances posterior spinal fusion implanted with mesenchymal
stem cells-calcium phosphate composite without bone grafting.
Spine. 2011;36(13):1010-1016.

Yamaguchi S, Aoyama T, Ito A, et al. Effect of low-intensity pulsed
ultrasound after mesenchymal stromal cell injection to treat
osteochondral defects: an in vivo study. Ultrasound Med Biol. 2016;
42(12):2903-2913.

Takahashi K, Yamazaki M, Saisu T, et al. Gene expression for extra-
cellular matrix proteins in shockwave-induced osteogenesis in rats.
Calcif Tissue Int. 2004;74(2):187-193.

Schumann D et al. Treatment of human mesenchymal stem cells
with pulsed low intensity ultrasound enhances the chondrogenic
phenotype in vitro. Biorheology. 2006;43(3,4):431-443.

Qian J, Wang L, Li Q, et al. Ultrasound-targeted microbubble
enhances migration and therapeutic efficacy of marrow mesenchy-
mal stem cell on rat middle cerebral artery occlusion stroke model.
J Cell Biochem. 2019;120(3):3315-3322.

Chang X, Liu J, Liao X, Liu G. Ultrasound-mediated microbubble
destruction enhances the therapeutic effect of intracoronary trans-
plantation of bone marrow stem cells on myocardial infarction. Int J
Clin Exp Pathol. 2015;8(2):2221-2234.

Song X, Zhu H, Jin L, et al. Ultrasound-mediated microbubble
destruction enhances the efficacy of bone marrow mesenchymal
stem cell transplantation and cardiac function. Clin Exp Pharmacol
Physiol. 2009;36(3):267-271.

Burks SR, Nguyen BA, Tebebi PA, et al. Pulsed focused ultrasound
pretreatment improves mesenchymal stromal cell efficacy in

105.

106.

107.

108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

# TRANSLATIONAL MEDICINE

preventing and rescuing established acute kidney injury in mice. STem
Ceris. 2015;33(4):1241-1253.

Wu S, Li L, Wang G, et al. Ultrasound-targeted stromal cell-derived
factor-1-loaded microbubble destruction promotes mesenchymal
stem cell homing to kidneys in diabetic nephropathy rats. Int J
Nanomedicine. 2014;9:5639-5651.

Hancock HA, Smith LH, Cuesta J, et al. Investigations into pulsed
high-intensity focused ultrasound-enhanced delivery: preliminary
evidence for a novel mechanism. Ultrasound Med Biol. 2009;35(10):
1722-1736.

Burks SR, Nagle ME, Bresler MN, Kim SJ, Star RA, Frank JA. Mesen-
chymal stromal cell potency to treat acute kidney injury increased
by ultrasound-activated interferon-gamma/interleukin-10 axis. J Cell
Mol Med. 2018;22(12):6015-6025.

ter Haar G. Therapeutic ultrasound. Eur J Ultrasound. 1999;9(1):3-9.
Busse JW, Bhandari M, Kulkarni AV, Tunks E. The effect of low-
intensity pulsed ultrasound therapy on time to fracture healing: a
meta-analysis. CMAJ. 2002;166(4):437-441.

Reher P, Elbeshir ENI, Harvey W, Meghiji S, Harris M. The stimula-
tion of bone formation in vitro by therapeutic ultrasound. Ultrasound
Med Biol. 1997;23(8):1251-1258.

Tsai CL, Chang WH, Liu TK. Preliminary studies of duration and
intensity of ultrasonic treatments on fracture repair. Chin J Physiol.
1992;35(1):21-26.

Gebauer D, Mayr E, Orthner E, Ryaby JP. Low-intensity pulsed ultra-
sound: effects on nonunions. Ultrasound Med Biol. 2005;31(10):
1391-1402.

Chen X, Zhi X, Wang J, Su J. RANKL signaling in bone marrow mes-
enchymal stem cells negatively regulates osteoblastic bone forma-
tion. Bone Res. 2018;6:34.

Haake M, Buch M, Schoellner C, et al. Extracorporeal shock wave
therapy for plantar fasciitis: randomised controlled multicentre trial.
BMJ. 2003;327(7406):75-70.

Skyba DM, Price RJ, Linka AZ, Skalak TC, Kaul S. Direct in vivo
visualization of intravascular destruction of microbubbles by ultra-
sound and its local effects on tissue. Circulation. 1998;98(4):
290-293.

Price RJ et al. Delivery of colloidal particles and red blood cells to
tissue through microvessel ruptures resulting from microbubble
destruction by ultrasound. Circulation. 1998;98(17):570-570.

Ay T, Havaux X, van Camp G, et al. Destruction of contrast micro-
bubbles by ultrasound: effects on myocardial function, coronary per-
fusion pressure, and microvascular integrity. Circulation. 2001;104
(4):461-466.

Goertz DE. An overview of the influence of therapeutic ultrasound
exposures on the vasculature: high intensity ultrasound and
microbubble-mediated bioeffects. Int J Hyperthermia. 2015;31(2):
134-144.

Chen SY, Grayburn PA. Ultrasound-targeted microbubble destruc-
tion for cardiac gene delivery. Methods Mol Biol. 2017;1521:
205-218.

Leinenga G, Langton C, Nisbet R, Gétz J. Ultrasound treatment of
neurological diseases-current and emerging applications. Nat Rev
Neurol. 2016;12(3):161-174.

Burgess A, Hynynen K. Drug delivery across the blood-brain barrier
using focused ultrasound. Expert Opin Drug Deliv. 2014;11(5):
711-721.

Burgess A et al. Targeted delivery of neural stem cells to the brain
using MRI-guided focused ultrasound to disrupt the blood-brain bar-
rier. PLoS One. 2011;6(11):e27877.

Chonpathompikunlert P, Fan CH, Ozaki Y, Yoshitomi T,
Yeh CK, Nagasaki Y. Redox nanoparticle treatment protects

against neurological deficit in focused ultrasound-induced
intracerebral hemorrhage. Nanomedicine (Lond). 2012;7(7):
1029-1043.



866

124.

125.

126.

STEM CELLS

LIU ET AL.

TRANSLATIONAL MEDICINE

Fan CH, Liu HL, Huang CY, Ma YJ, Yen TC, Yeh CK. Detection
of intracerebral hemorrhage and transient blood-supply short-
age in focused-ultrasound-induced blood-brain barrier disrup-
tion by ultrasound imaging. Ultrasound Med Biol. 2012;38(8):
1372-1382.

Hynynen K, McDannold N, Vykhodtseva N, Jolesz FA. Noninvasive
MR imaging-guided focal opening of the blood-brain barrier in rab-
bits. Radiology. 2001;220(3):640-646.

Tung YS, Vlachos F, Choi JJ, Deffieux T, Selert K, Konofagou EE. In
vivo transcranial cavitation threshold detection during ultrasound-
induced blood-brain barrier opening in mice. Phys Med Biol. 2010;55
(20):6141-6155.

How to cite this article: Liu DD, Ullah M, Concepcion W,
Dahl JJ, Thakor AS. The role of ultrasound in enhancing
mesenchymal stromal cell-based therapies. STEM CELLS Transl
Med. 2020;9:850-866. https://doi.org/10.1002/sctm.

19-0391


https://doi.org/10.1002/sctm.19-0391
https://doi.org/10.1002/sctm.19-0391

	The role of ultrasound in enhancing mesenchymal stromal cell-based therapies
	1  MESENCHYMAL STROMAL CELL BIOLOGY
	2  THERAPEUTIC ULTRASOUND
	2.1  Forms of therapeutic ultrasound
	2.2  Ultrasound parameters

	3  PULSED FOCUSED ULTRASOUND
	3.1  Molecular mechanism of pFUS-mediated MSC homing
	3.2  Application of pFUS to disease models

	4  LOW-INTENSITY ULTRASOUND
	4.1  In vitro effects of LIUS
	4.2  In vivo effects of LIUS

	5  EXTRACORPOREAL SHOCK WAVE THERAPY
	5.1  In vitro effects of ESWT
	5.2  In vivo effects of ESWT

	6  ULTRASOUND-MEDIATED MICROBUBBLE DESTRUCTION
	7  DISCUSSION
	7.1  The need for standardization in ultrasound parameter reporting

	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


