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The synergistic potential of
mechanotherapy and sonopermeation to
enhance cancer treatment effectiveness
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Inefficient drug delivery in tumors, especially in desmoplastic cancers, arises from blood vessel
collapse due to tumor stiffening and mechanical compression. Vessel collapse also leads to hypoxia,
immune evasion, and metastasis, reducing treatment efficacy. Mechanotherapeutics and ultrasound
sonopermeation, which address tumor stiffness and enhance vessel permeability, respectively, show
promise in restoring tumor microenvironment abnormalities and improving drug delivery. This
perspective highlights their independent and combined potential to optimize cancer therapy.

Cancer is responsible for approximately one in every six deaths globally,
highlighting its significant impact on public health. Cancer development is a
lengthy process, characterized by the gradual accumulation of various
symptoms and a significant failure in the mechanisms that typically inhibit
abnormal cell growth'. For many years, patients diagnosed with cancer had
limited treatment options, which primarily include surgery, radiation
therapy, and chemotherapy. These treatments could be used individually or
in combination, but they often come with considerable side effects and
varying degrees of effectiveness, leaving many patients seeking alternative
approaches or additional support in their battle against this complex disease.
While traditional treatments can effectively reduce tumor size or achieve
temporary remission, they frequently fall short of providing a long-term
cure, particularly in aggressive or advanced cancers. The failure of standard
therapies to cure different types of cancer is rooted in a variety of complex
biological and physiological challenges. In fibrotic tumors, this is attributed
inlarge part to insufficient and heterogeneous drug delivery to the tumor site
owing to physical abnormalities in the tumor microenvironment (TME)
that induce hypo-perfusion, which in turn creates harsh hypoxic
conditions™”.

Hypo-perfusion hinders the delivery of medicines and
induces immunosuppression

Although standard-of-care treatments can be highly potent and capable of
eradicating cancer cells in controlled in vitro settings, their therapeutic
outcomes are largely compromised in real-world applications due to inef-
ficient drug delivery. Inadequate delivery prevents therapeutics from
reaching the tumor mass in sufficient amounts thus, diminishing their
effectiveness and limiting their ability to significantly improve treatment
outcomes’. In cancers with a highly fibrotic nature, complex interactions
between cancer cells, stromal cells, and the dense extracellular matrix
(ECM)-characterized by the excessive deposition of components like col-
lagen and hyaluronan- lead to significant tumor stiffening. This stiffening is

accompanied by the buildup of mechanical forces within the tumor, which
are exerted on intratumoral blood vessels. As a result, tumor blood vessels
are compressed (Fig. 1), disrupting normal blood flow and contributing to
the challenging treatment environment typical of these tumors’™'. In cancer
types, such as pancreatic and breast tumors and sarcomas, it has been
observed that a significant portion of intratumoral blood vessels—up to 95%
—may become compressed, with as much as 80% collapsed entirely*”"” .
This widespread vessel collapse leads to severely reduced blood flow within
the tumor, a condition known as hypo-perfusion. Hypo-perfusion, in turn,
poses a major barrier to effective drug delivery, preventing therapeutic
agents from reaching the tumor in adequate amounts. Additionally, this lack
of proper blood flow creates a hypoxic environment within the tumor,
further hindering the effectiveness of various cancer therapies by inducing
the expression of genes associated with drug resistance. The lack of oxygen
reduces the effectiveness of radiation therapy, which relies on oxygen to
generate reactive oxygen species that damage DNA in cancer cells’*.
Furthermore, hypoxia enables cancer cells to evade the immune system and
enhances their invasive and metastatic potential through processes such as
epithelial-mesenchymal transition (EMT) and upregulation of genes
involved in extracellular matrix modulation in a hypoxia-inducible factor
1-alpha (HIF1a)- dependent manner'**"”". Hypo-perfusion can also limit
immune cell infiltration into the tumor, while hypoxia creates an immu-
nosuppressive TME, shifting tumor-associated macrophages (TAMs) from
the immunosupportive M1 type to the immunosuppressive M2 type, and
diminishing the cytotoxic capacity of effector immune cells'****>. Moreover,
hypoxia fosters pro-tumor immune responses by increasing PD-L1
expression in myeloid-derived suppressor cells (MDSCs), TAMs, den-
dritic cells (DCs), and cancer cells”*. It also attracts immunosuppressive
T-regulator cells (Tregs) by triggering the expression of the chemokine
CCL28” and along with acidity™, affects differentiation and function of
T-lymphocytes and myeloid cells” and induces TAMs to promote
angiogenesis™. In response to hypoxia, tumors often upregulate HIFs, which
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Fig. 1 | The synergistic potential of mechanotherapeutics and sonopermeation to
mechano-modulate the tumor microenvironment and enhance cancer treatment
effectiveness. The abnormal growth of cancer cells in normal host tissue, combined
with interactions among stromal cells and the fibrotic ECM, creates mechanical
forces that compress tumor blood vessels and stiffen the ECM, reducing tumor
perfusion. This impaired blood supply limits immune cell infiltration, while
hypoperfusion makes the TME immunosuppressive and supports pro-tumor
immune responses. The use of mechanotherapeutics can normalize tissue stiffness,
enhance perfusion, and boost immunostimulation, improving cytotoxic therapy
effectiveness. However, mechanotherapeutics cannot decompress the majority of

the vessels but only a percent. Ultrasound sonopermeation with microbubbles can
enhance cell membrane permeability and decrease solid forces, increasing tumor
perfusion and the uptake of therapies. However, sonopermeation cannot be effective
in tumors with compressed vessels. Combining mechanotherapeutics with sono-
permeation overcomes their limitations, effectively addressing tumor micro-
environment abnormalities, enhancing drug delivery, and improving therapeutic
outcomes. This approach increases tumor perfusion and oxygenation, activating
effector immune cells while reducing immune regulator cells, resulting in greater
drug delivery efficiency and more effective cancer cell elimination. Created with
BioRender.com.

promote the expression of pro-angiogenic factors like vascular endothelial
growth factor (VEGF) which leads to the formation of new blood vessels to
supply the tumor with necessary nutrients and oxygen™. However, these
newly formed vessels are frequently abnormal -leaky and poorly organized-
resulting in uneven oxygen distribution and perpetuating hypoxic regions
within the tumor**"'. This abnormal vasculature not only supports tumor
growth but also contributes to increased tumor malignancy™. Indeed, higher
perfusion levels, which indicate normoxia, serve as a predictive biomarker
for therapy efficacy'>****.

Strategies to modulate the tumor physical
microenvironment

Mechanotherapeutics can improve perfusion, but not optimally
As we mentioned previously, vessel compression results from tumor stif-
fening and the buildup of mechanical forces within solid tumor compo-
nents, which are modulated by cancer cells, cancer-associated fibroblasts
(CAFs), collagen, and hyaluronan®”**. A therapeutic strategy to decom-
press vessels and improve perfusion is the use of mechanotherapeutics to
alleviate stiffness and mechanical forces (Fig. 1)*°. Mechanotherapeutics are
often approved drugs (e.g., antihypertensive, anti-fibrotic, antihistamine)
that are repurposed to modulate the TME by targeting ECM components or
reprogramming CAFs, such as Transforming growth factor beta (TGFp)
inhibitors'***” (Table 1). Modulation of the TME by selective targeting any
or all of these components can re-open compressed vessels and improve
perfusion and thus, delivery of drugs and oxygenation'****. While short-
term improvements in perfusion and drug delivery might increase treat-
ment efficacy, the longer-term effects of modulation can create a more
favorable environment for cancer cells to spread and metastasize®".
However, treatment with mechanotherapeutics is short-lived as two weeks
post-treatment the tumor elasticity returns to the untreated tumors level™.

Additionally, treatment with mechanotherapeutics did not favor metastasis
in preclinical tumor models™***.

One mechanotherapeutic agent is the anti-hypertensive and angio-
tensin receptor blocker, losartan, which was successfully repurposed to
improve the delivery of therapeutics in vivo by inducing blood vessel
decompression and improving perfusion in various types of breast and
pancreatic tumors in mice””*. Importantly, losartan was the first
mechanotherapeutic to successfully progress to clinical trials. It was found
that the addition of losartan to the treatment regimen of FOLFIRINOX and
radiation made 60% of previously unresectable, locally advanced pancreatic
ductal adenocarcinoma tumors resectable”. Currently, losartan is under
investigation in combination with chemoradiation and the immune
checkpoint inhibitor (ICI) nivolumab for the treatment of pancreatic cancer
(Clinical-Trials.gov identifier: NCT03563248). Losartan is a remarkable
step forward and has established the term “mechanotherapeutics” as a new
therapeutic strategy owing to first successes in clinical trials**”. For this
reason, it is considered a “gold standard” for mechanotherapeutics. How-
ever, in a clinical trial, the losartan dose could not be raised to decompress
more vessels because of losartan’s strong anti-hypertensive effects, and
normotensive and hypotensive patients could not tolerate losartan and were
excluded from the study.

Another such agent is ketotifen, an anti-histamine drug that inhibits
mast cell activation, suppresses CAF proliferation and ECM components,
whereas none of the doses of ketotifen induced any toxicity in preclinical
model™. Notably, a phase II clinical trial is underway to evaluate ketotifen’s
potential in enhancing chemotherapy for sarcoma patients (EudraCT
Number: 2022-002311-39). In this trial, the maximum tolerated dose
(MTD) was administered to the patients, and many of them received
ketotifen for a period longer than 100 days without any safety issues to have
been reported. Additionally, in our previous studies, we successfully
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-GL261 cell line in C57BI/6 mice for

glioblastoma'".
-CT26 cells in Balb/c mice for colon

-4T1 and EMT®6 in Balb/c mice for
cancer'™®.

-AK4.4 chunks for pancreatic
breast cancer'™>'",

cancer cells in nude mice'"*""",
tumors in FVB mice’.

-SKOV3ip1 and Hey-A8 ovarian

Pre-clinical studies

-Pancreatic cancer;

Tumor type
-Breast cancer;
-Glioblastoma;
-Osteosarcoma;
-Colon cancer

Inhibits the activity of TGF- and other profibrotic
cytokines —reduces the levels of collagen and

Mechanism
hyaluronan.

Angiotensin receptor blocker

Drug purpose

Drug name
Losartan

Table 1 (continued) | Mechanotherapeutics employed in pre-clinical and clinical trials

repurposed tranilast, an anti-fibrotic and antihistamine drug approved in
Japan and South Korea, and pirfenidone, a globally approved anti-fibrotic
drug for the treatment of idiopathic pulmonary fibrosis™*’. These ther-
apeutic agents have demonstrated the ability to decrease the elastic modulus
of tumors without affecting the elasticity of host organs and reduce both
solid and fluid pressures within tumors, leading to improved tumor per-
fusion and a marked increase in the effectiveness of various cancer treat-
ments. Specifically, they significantly enhanced the efficacy of
chemotherapy, nanotherapy, and immunotherapy, not only in primary
tumors but also in metastatic sites. The mechanism behind these
improvements involved the suppression of TGFP signaling, which plays a
key role in tumor progression, as well as the downregulation of ECM
components, including collagen and hyaluronan. By targeting these factors,
the agents helped to remodel the TME, making it more receptive to ther-
apeutic interventions and allowing for better drug delivery and immune
response activation. Additional mechanotherapeutics include the anti-
hyperglycemic agent metformin®, the corticosteroid dexamethasone", and
the endothelin receptor antagonist bosentan®. Notably, bosentan is being
tested in a Phase I clinical trial in patients with unresectable pancreatic
cancer (Clinical-Trials.gov identifier: NCT04158635). Another agent is
paricalcitol—an agonist targeting the vitamin D receptor on CAFs®".

These successes demonstrate the clinical potential of mechan-
otherapeutics, but several challenges remain as mechanotherapeutics can-
not decompress the majority of the vessels but only a percentage of
ﬂleml 8,20;17,52‘

Sonopermeation for instant mechano-modulation of the TME
Ultrasound is a widely utilized imaging modality in medical diagnostics,
known for its safety and ability to provide real-time imaging. Over the past
several decades, its use has expanded beyond diagnostics, gaining con-
siderable attention in the field of therapeutic applications. Researchers have
increasingly explored its potential in treating various medical conditions,
recognizing the versatility and non-invasive nature of ultrasound technol-
ogy in both imaging and therapy®~**. Because ultrasound can be focused, it is
used to deliver energy to small volumes deep inside the body without
affecting intermediate tissues. The use of ultrasound in the presence of
exogenous gas bubbles (i.e., microbubbles) can lead to the development of
local forces strong enough to cause membrane permeabilization of cells (Fig.
1). Specifically, sonopermeation works both through the formation of
transient pores in endothelial cell membranes (traditional sonoporation), as
well as via the opening of intercellular (tight) junctions®, stimulated
endocytosis, transcytosis and/or exocytosis™* and causing macroscopic
changes in perfusion” and/or changes in the perivascular and extracellular
space of tumors’'. As pressure waves move through tissues, microbubbles
expand during the low-pressure (rarefaction) phases and contract during
the high-pressure (compression) phases, producing volume oscillations that
align with the applied ultrasound frequency. This oscillation creates a cir-
culating fluid flow called microstreaming. When microbubbles are close to
the endothelium, they can deform the cell membrane and may induce pore
formation. At higher acoustic pressures, the oscillations become larger,
leading to bubble collapse. The oscillation and collapse of microbubbles can
also generate free radicals, which may increase cytotoxicity and lead to
potential cell death’. Sonopermeation effects last between 4 and 24 h, with
no significant effect beyond 24 h™™,

The promise of sonopermeation to improve perfusion and enhance the
delivery of chemotherapeutics or nano-scale drugs to cancer has been
extensively investigated in several preclinical studies. It has been demon-
strated that combining sonopermeation with gemcitabine in a pancreatic
adenocarcinoma mouse model resulted in more effective cancer treatment
than gemcitabine alone, significantly inhibiting primary tumor growth,
delaying metastasis formation, and extending the survival of the mice”.
Recently, a study on pancreatic tumors found that combining sono-
permeation with FOLFIRINOX (fluorouracil, irinotecan, oxaliplatin, and
calcium folinate) significantly enhanced platinum uptake compared to

untreated tumors or single-agent therapy’®. Furthermore, when exposed to
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ultrasound and microbubbles, increased tumor uptake of nanoparticle
liposomal doxorubicin (Doxil) has been demonstrated in murine sub-
cutaneous colorectal” and prostate adenocarcinoma’ models and
enhanced encapsulation of cabazitaxel in prostate cancer””. In a recent
study®, employment of sonopermeation in neuroblastoma xenografts
increased Doxil uptake by increasing vascular lumen, disrupting tight
junctions, inducing greater apoptosis, and resulting in increased survival.
Assessment for side effects and toxicity in other organs, such as lung, liver,
and kidney proved that treatment was safe. There was no evidence for injury
in these organs, the red blood cell deposition within the lung capillaries was
normal, as well as, the vasculature in the liver tissues. Also, there was no
change in circulating tumor cells.

While sonopermeation primarily enhances drug delivery and ther-
apeutic efficacy by facilitating the penetration of therapeutic agents into
cells, it can also indirectly affect the TME through its influence on tumor
cells and surrounding tissues. Besides forming transient pores, sono-
permeation alters tumor perfusion and the TME. It has been reported that
sonopermeation reduces intratumoral solid stress, improving perfusion in
murine models of prostate adenocarcinoma and osteosarcoma®’. Specifi-
cally, sonopermeation significantly enhanced perfusion, as shown by
contrast-enhanced ultrasound (CEUS) imaging, and reduced tumor
microvascular density, indicating vascular normalization of the TME in
colon cancer”. These findings suggest that combining ultrasound with
microbubbles can normalize TME and restore tumor perfusion. The
enhanced perfusion may alter immune-suppressive factors, potentially
increasing immune cell infiltration into hypo-vascular tumors. Effective
immunotherapy relies heavily on sufficient CD8" T-cell infiltration, and
sonopermeation not only can improve immunotherapy delivery but also it
can significantly increase the percentage of infiltrating cytotoxic CD8"
T-cells in murine models of colon cancer® and melanoma™*.

Sonopermeation efficacy has been studied in clinical trials, showing
that ultrasound and microbubbles enhance the effects of conventional
chemotherapy in patients with pancreatic cancer, liver metastases from
colon cancer, and hepatic metastases from digestive system tumors***’. A
combination of gemcitabine and sonopermeation in ten inoperable pan-
creatic cancer patients has shown that can extend survival without causing
additional toxicities™. Notably, the use of sonopermeation also allowed
patients to undergo more treatment cycles, which corresponded to a longer
period of well-being. However, recent findings indicated that sono-
permeation did not enhance chemotherapy efficacy in patients with liver
metastases’™”, but still, several studies are currently underway involving
patients with breast cancer, glioblastoma, pancreatic cancer, liver metastases
from breast and colorectal cancer, and brain metastases from melanoma’’!
(NCT03322813, NCT03477019, NCT04146441, NCT04021420,
NCT03458975, and NCT03385200). These studies aim to further investi-
gate the efficacy, safety, and clinical feasibility of this therapeutic strategy.

Despite these promising advancements, hypo-perfusion caused by
vessel compression significantly undermines the effectiveness of sono-
permeation, as microbubbles cannot be delivered effectively and uniformly
in hypo-perfused tumors. This results in localized effects rather than a
comprehensive therapeutic impact, ultimately compromising the overall
efficacy of this treatment strategy>””.

Mechanotherapeutics and sonopermeation uniquely comple-

ment each other and optimize treatment efficacy in sarcomas

From the above analysis, it is reasonable to argue that mechanotherapeutics,
by opening up some tumor vessels and improving tumor perfusion can
significantly increase the distribution of microbubbles within the tumor,
thereby enhancing the efficacy of sonopermeation. Furthermore, it has been
recently reported that sonopermeation can reduce intratumoral solid stress
and thus, improve perfusion®'. Consequently, sonopermeation could sup-
port the use of mechanotherapeutics to further alleviate mechanical forces in
tumors and potentially open up more tumor vessels, allowing more
microbubbles and anti-cancer drugs to enter the tumor and thus, creating a
positive feedback loop. Therefore, it makes good sense to argue that the

mechano-modulation of the TME by combining mechanotherapeutics and
sonopermeation will not only have additive effects but, due to the synergistic
mechanisms and complementarity of the two methods, may yield multi-
plicative improvements in perfusion and therapeutic outcomes (Fig. 1).

To test this hypothesis, we conducted in vivo studies on sarcoma
models” (Fig. 2). Our results showed that combining the mechan-
otherapeutic ketotifen with sonopermeation demonstrated optimal
improvements in several key physiological parameters. Specifically, there
was a statistically significant reduction in the tumor’s elastic properties, as
measured by Shear Wave Elastography (SWE), indicating a decrease in
tissue stiffness, presumably due to a reduction in hyaluronan levels. This
dual approach not only improved tumor perfusion but also facilitated more
efficient drug delivery resulting in enhanced anti-tumor effectiveness of
nano-immunotherapy. Consequently, blood vessel functionality was
enhanced, leading to improved infiltration of immune cells -including
CD8" T-cells- and a decrease of immunosuppressive Tregs, thereby
strengthening the immune response against the tumor. To summarize, our
study presented evidence that mechano-modulation of the TME through
the combined use of mechanotherapeutics and sonopermeation can yield
multiple, synergistic effects”. The combination of these strategies appears to
amplify treatment efficacy beyond the benefits observed when each ther-
apeutic method is applied separately.

Conclusions

Tumor stiffening and elevation of mechanical forces within its solid com-
ponents compress tumor blood vessels, reducing blood flow and hindering
uniform and efficient drug delivery, ultimately weakening treatment
effectiveness™”*. As a result, standard therapies struggle to treat highly
desmoplastic tumors effectively’™. One therapeutic approach to alleviate
blood vessel compression and enhance perfusion involves the use of
mechanotherapeutics, which work to reduce stiffness and relieve mechan-
ical forces within tumors®. Ultrasound-mediated drug delivery with
microbubbles is another strategy that could noninvasively enhance perfu-
sion and thus, the transport of therapeutic agents to targeted tumors via
sonopermeation. Although both strategies have shown promising results,
each has encountered certain limitations.

The innovative concept of combining mechanotherapeutics with
sonopermeation into a unified approach offers a potential solution to these
challenges. This combined strategy could establish a new foundation for
treating highly desmoplastic cancer types, ultimately enhancing therapeutic
outcomes and overcoming barriers that individual methods alone cannot
fully address. In our previous study’, we have shown for the first time, that
mechano-modulation of the TME by combining mechanotherapeutics and
sonopermeation can have multiplicative synergistic effects on improving
perfusion and therapeutic outcomes. Importantly, mechanotherapeutics
and sonopermeation synergistically modulated TME in sarcomas without
causing any toxicity effects to the mice as the mouse weight, which was
monitored throughout the treatment period for each group remained
almost the same with no significant differences. While more research is
needed, the current evidence suggests that mechanotherapeutics and
sonopermeation have the potential to significantly improve drug delivery,
enhance therapeutic response, and extend patient survival, offering a pro-
mising alternative for challenging cancers with poor prognosis.

Translating mechanotherapeutics and sonopermeation from pre-
clinical models to humans involves challenges related to biological dif-
ferences, safety, and feasibility. Variations in tissue structure and
vascular properties between mice and humans can impact treatment
efficiency and drug distribution. Scaling ultrasound parameters like
frequency, intensity, and duration is crucial to maximize efficacy while
avoiding off-target effects. Immune response differences and inadequate
replication of the human tumor microenvironment in animal models
further complicate translation. Regulatory hurdles and the need for
standardized protocols add to the complexity. Glioblastomas may benefit
most from this approach due to improved blood-brain barrier disrup-
tion, enhancing drug delivery. Other solid tumors, like pancreatic cancer,
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Fig. 2 | Mechanotherapy and sonopermeation synergistically overcome
abnormalities in the tumor microenvironment and improve the effectiveness of
nano-immunotherapy in sarcomas. a Experimental treatment protocol in MCA205

fibrosarcoma tumors. Created with BioRender.com. Combined treatment decreases
b tumor growth, c tissue elasticity, d hyaluronan binding protein (cHABP1, green),
and e boosts immune cell infiltration. Data adapted with permission from ref.”.

triple-negative breast cancer, and desmoplastic sarcomas, could also
benefit by increasing drug penetration and immune cell infiltration.
Effective translation to humans will require tailored ultrasound protocols
and thorough safety evaluations of drugs to ensure a successful
application.
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