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Over the past several decades, the importance of the tumor mechanical microenvironment (TMME) in
cancer progression or cancer therapy has been recognized by researchers worldwide. The abnormal
mechanical properties of tumor tissues include high mechanical stiffness, high solid stress, and high inter-
stitial fluid pressure (IFP), which form physical barriers resulting in suboptimal treatment efficacy and resis-
tance to different types of therapy by preventing drugs infiltrating the tumor parenchyma. Therefore, pre-
venting or reversing the establishment of the abnormal TMME is critical for cancer therapy.
Nanomedicines can enhance drug delivery by exploiting the enhanced permeability and retention (EPR)
effect, so nanomedicines that target and modulate the TMME can further boost antitumor efficacy.
Herein, we mainly discuss the nanomedicines that can regulate mechanical stiffness, solid stress, and IFP,
with a focus on how nanomedicines change abnormal mechanical properties and facilitate drug delivery.
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We first introduce the formation, characterizing methods and biological effects of tumor mechanical pro-
perties. Conventional TMME modulation strategies will be briefly summarized. Then, we highlight repre-
sentative nanomedicines capable of modulating the TMME for augmented cancer therapy. Finally, current
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Introduction

An abnormal mechanical microenvironment (stiffening) is a
significant common feature of many solid tumors,’ such as
breast cancer, liver cancer, pancreatic cancer, and brain
cancer, to name a few, while raised stiffness has become the
theoretical basis for clinical palpation of solid malignancies.
Compared with normal breast tissue, the stiffness of breast
cancer tissue increases by nearly 19-fold.> Likewise, the
average stiffness of healthy liver is 5 kPa, whereas the stiffness
of advanced hepatocellular carcinoma exceeds 20 kPa.’ The
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challenges and future opportunities for regulating the TMME with nanomedicines will be provided.

average stiffness of normal pancreatic tissue is approximately
2.5 kPa, while pancreatic cancer tissue exhibits an average
stiffness of 6.1 kPa.* These clinical observations underline the
importance of measuring tissue mechanical properties,
especially the tissue stiffness, in distinguishing between
healthy and diseased tissues. The extracellular matrix (ECM)
composed of a large number of biological macromolecules
such as proteins and enzymes accumulated in tumor tissues,
the high interstitial fluid pressure (IFP) of tumor tissues
caused by the combination of tumor blood vessels with abnor-
mal structure and dysfunction and lymph vessels with high
compression and loss of function, as well as the solid stress
brought by the rapid proliferation of malignant cells, are the
main causes for the stiffening of these tissues.” This deterio-
rated mechanical microenvironment promotes tumor pro-
gression through a variety of mechanisms. First, the sclerotic
tumor tissue directly regulates the integrin signal pathway of
the interaction between tumor cells/stromal cells and ECM
through mechanical signals to accelerate the tumor pro-
gression.® Second, the hardened tumor tissue initiates the
process of epithelial-mesenchymal transformation (EMT) and
promotes the invasion and metastasis of cancer cells.” Third,
abundant ECM components, such as collagen and hyaluronic
acid (HA), high IFP, and accumulated solid stress of tumor
tissues form a physical barrier, preventing the penetration and
uniform distribution of chemotherapy drugs (including small

Biomater. Sci., 2023, 11, 4471-4489 | 4471


http://rsc.li/biomaterials-science
http://orcid.org/0000-0002-7846-0600
http://orcid.org/0000-0003-0683-8763
http://orcid.org/0000-0001-6387-4854
http://crossmark.crossref.org/dialog/?doi=10.1039/d3bm00363a&domain=pdf&date_stamp=2023-06-22
https://doi.org/10.1039/d3bm00363a
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM011013

Published on 19 1444. Downloaded on 12/05/46 10:50:46 .

Review

molecular drugs and nanomedicines) and the infiltration of
effector T cells into tumor parenchyma.® Fourth, the stiffened
tumor tissues will further compress the blood vessels and lym-
phatic vessels in tumor tissues, reduce blood perfusion, cause
tumor hypoxia, and ultimately lead to the tumor cells’ insensi-
tivity to antitumor drugs, the depletion of effector T cells and
the formation of an immunosuppressive microenvironment.’
Therefore, interrupting tumor mechanics can significantly
delay the occurrence, development, invasion and metastasis of
tumors, and enhance the delivery efficiency and antitumor
effects of chemotherapy, targeted therapy and immunother-
apy.' Small molecule B-aminopropionitrile (BAPN) slows
down the progression of breast cancer by inhibiting the cross-
linking of type I collagen protein mediated by lysyl oxidase
(LOX) and reducing matrix hardness. However, BAPN failed to
enter clinical trial due to safety concerns.'’ Another enzyme
that cross-links type I collagen is lysyl oxidase-like 2 (LOXL2).
The LOXL2-specific monoclonal antibody AB0023 effectively
prevents the cross-linking of type I collagen in breast cancer
matrix and delays the development of tumors."” Transforming
growth factor-§ (TGF-f)-neutralizing antibody 1D11 can
improve the antitumor efficacy of chemotherapy drugs by
reshaping the tumor mechanical microenvironment (TMME)
of breast cancers, inhibiting the synthesis of type I collagen."
Polyethylene glycol recombinant human hyaluronidase
(PEGPH20) improves the TMME by degrading HA of pancreatic
cancer, improves the antitumor effect of gemcitabine and pro-
longs the survival period of mice."* Numerous phase II clinical
trials have been carried out on PEGPH20 in combination with
other drugs to treat pancreatic cancers. The marketed drug
Plerixafor reduces the degree of fibrosis in metastatic breast
cancers by targeting the CXCR4/CXCL12 signaling pathway,
relieves tumor immunosuppression, and enhances the inhibi-
tory effect of immune checkpoint blockers (ICB) on tumor
growth and distant metastasis.'”> Losartan, a drug clinically
used to treat hypertension, reduces the matrix hardness of
pancreatic cancer and ovarian cancer by inhibiting the syn-
thesis of type I collagen and HA, promotes the delivery of
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chemotherapy drugs and antitumor efficacy, and can enhance
the infiltration of effector T cells and tumor-killing effect.'®
Multiple phase II clinical studies have been performed on
losartan in combination with other chemotherapy drugs and
ICB for treatment of pancreatic cancers. These preclinical and
clinical studies corroborate that targeting the TMME is condu-
cive to treatments of solid tumors.

Compared with conventional small-molecular antitumor
drugs, nanomedicines have several unique advantages. First,
nano drug delivery system (NDDS) can improve the pharmaco-
kinetics of small-molecule drugs with poor water solubility,
extend their blood half-life, and increase the concentration of
small molecular drugs in tumor sites.'® Second, by conjugat-
ing targeted ligands, polypeptides, proteins and antibodies on
the surface of nanocarriers, nanomedicines can accurately
target tumor tissues and cancer cells, and then specifically kill
malignant cells.’” Third, nanomedicines can reduce drug con-
centration in normal tissues and thus decrease toxic and side
effects towards normal organs and tissues.” Fourth, nano-
carriers can simultaneously deliver two or more antitumor
drugs with different mechanisms of action and realize con-
trolled release of these drugs and precise synchronization of
multiple antitumor actions in both time and space.'®
Therefore, cancer nanomedicines have received tremendous
attention in the past few decades, and dozens of nanomedi-
cines have been approved for clinical applications, the most
famous of which are liposome doxorubicin (Doxil) and pacli-
taxel albumin nanoparticles (Abraxane).'® Although clinical
data showed that Doxil significantly reduced the cardiac tox-
icity and side effects of doxorubicin, Doxil did not improve the
overall survival of patients with solid tumors.'® One of the key
reasons is that the abnormal TMME of solid tumors severely
impedes tumor accumulation and distribution of Doxil.?® To
that end, several clinical treatments, including radiation
therapy,®® hyperbaric oxygen therapy,”®>° and enzymatic
therapy’'™® have been leveraged to tackle the physical
obstacles and augment nanomedicine antitumor efficacy.
Furthermore, multifarious nanomedicines capable of inter-
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rupting the TMME by means of photodynamic therapy®*>°
and photothermal therapy®”*® have been prepared and tested
in preclinical studies. Modulating tumor mechanics with
therapeutic agents is emerging as a new research direction for
cancer nanomedicines,”’ *° and has become a hot topic in the
field of cancer therapy in recent years.**>%>!

In this review, we mainly discuss nanomedicines that can
modulate mechanical stiffness, solid stress and IFP with a
focus on how nanomedicines change these abnormal mechan-
ical properties, promote drug-delivery efficiency and enhance
antitumor efficacy. We first introduce the formation, character-
izing methods and biological effects of these mechanical pro-
perties. Conventional modulation strategies will be briefly
summarized. Then, we highlight nanomedicines capable of
modulating the TMME for augmented cancer therapy. Finally,
current challenges and future opportunities will be discussed.

Tumor mechanical microenvironment

Tumor mechanics has recently been recognized to play a
crucial role in not only mediating cancer progression but more
importantly affecting therapeutic effects of various cancer
therapies, including chemotherapy, radiotherapy, targeted
therapy, photodynamic therapy and immunotherapy.'
Compared with normal tissues, the TMME is aberrant (Fig. 1).
Overactivated cancer-associated fibroblasts (CAFs), which
deposit and crosslink ECM proteins, stiffen tumor tissues.>
Rapid proliferation of cancer cells, accumulation of ECM pro-
teins and contraction of both CAFs and cancer cells compress
normal tissues, resulting in massive solid stress stored in
tumors.>>® Highly compressed and leaky tumor vasculature
and defunct lymphatic vessels lead to increased IFP in tumor
tissues.>® These abnormal properties interact with each other
and synergistically exert negative effects on cancer therapy.
Abnormal mechanical properties not only accelerate tumor
occurrence, development, invasion and metastasis by transmit-
ting mechanical signals,>'"*>>¢ but also form physical bar-

Professor Zifu Li received his BS
degree from the Huazhong
University of Science and
Technology in 2008 and PhD
degree  from  the  Chinese
University of Hong Kong in 2012.
From 2013 to 2015, he worked
as a postdoctoral fellow at the
University of Alberta. He then
joined the Georgia Institute of
Technology as a research scien-
tist. Since 2016, he has been a
full professor at Huazhong
University of Science and
Technology. His group studies mechano-nanooncology, hyperbaric
oxygen-enabled cancer therapy and smart nanomedicines.

Zifu Li

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review

riers that prevent drug delivery and reduce immune cell infil-
tration into tumor parenchyma.’”*° In this section, we briefly
introduce the definitions, causes, and detection of mechanical
stiffness, solid stress and IFP associated with the TMME. The
effects of these mechanical abnormalities on tumor pro-
gression and cancer therapy are also discussed.

Mechanical stiffness

Mechanical stiffness, or elastic modulus, is defined as the re-
sistance of a material to deformation under the action of
quasi-static forces. Macrocosmically, the stiffness of tumor
tissue is heterogeneous (Fig. 1). Some studies show that tumor
cells are soft while ECM is stiff by investigating biopsy samples
from breast, liver and brain cancer patients using atomic force
microscopy (AFM).*'~** Tumor cells are softer than nonmalig-
nant cells due to the changes in their cytoskeletal
structure,®>®® which would enhance the cellular compliance,
improve the resistance to shear flow and promote tumor
metastasis.®>®” Although tumor cells are softer than normal
cells, tumor tissues are often highly fibrotic, which makes the
whole tumor exhibit a stiffer property than normal tissues.®®
Deposition, cross-linking and reconstruction of ECM are the
main causes of tumor stiffening. In highly fibrotic tumors,
CAFs play a key role in tumor stiffening as the ECM com-
ponents are mainly produced by CAFs.*® For instance, col-
lagen, a major component of ECM secreted by CAFs, can be
cross-linked by lysyloxidase and transglutaminase 2, resulting
in increased tumor stiffness.®®’® Mechanical stresses can also
enhance the stiffness of ECM through strain-stiffening. Both
the tensile stress caused by cell contraction or increased tumor
volume and the compressive stress resulting from tumor
growth would increase tumor stiffness.>>”"”?> Notably, there is
a positive feedback loop that further enhances tumor rigidity.
ECM stiffening can activate the latent TGF-p and subsequently
promote the transformation of fibroblasts into CAFs.*®%°
Meanwhile, the increased tumor stiffness caused by tensile
stress can promote contraction of focal adhesion in CAFs,
thereby further inducing matrix decomposition and tumor
stiffening.”

Two methods commonly used to detect tumor stiffness in
the clinic are magnetic resonance elastography (MRE) and
ultrasound elastography (USE). MRE is a non-invasive imaging
technique which uses a combination of sound waves and mag-
netic resonance imaging (MRI) to measure the elastic pro-
perties of tissue, such as differentiating the stiffness of a liver
tumor from surrounding healthy and fibrotic tissues.”*”® By
utilizing this technique, researchers are able to diagnose a
range of liver diseases, such as hepatocellular carcinoma, cir-
rhosis, fatty liver, and fibrosis, as well as to evaluate the effec-
tiveness of treatment for these indications.”” Despite its many
advantages, such as the lack of any invasive procedures, the
accurate measurement of the liver tumor modulus, and a com-
plete three-dimension (3D) image stack of the tissue displace-
ments, MRE is an expensive and time-consuming procedure
due to the need for specialized equipment and an experienced
operator.”®”® USE is also a non-invasive imaging technology
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Fig. 1 Causes and results of abnormal tumor mechanical microenvironment. Rapid cancer cell proliferation, overactivated cancer-associated fibro-
blasts (CAFs), and excessive extracellular matrix (ECM) deposition contribute to perpetuating an abnormal tumor mechanical microenvironment.
This aberrant microenvironment leads to a series of unfavorable events that include but are not limited to the accumulation of solid stress, enhanced
mechanical stiffness, and elevated interstitial fluid pressure (IFP), which are considered the main culprits responsible for compressing blood and lym-

phatic vessels.

for preoperative pathological diagnosis, such as liver fibrosis
assessment or breast lesion characterization. USE can also be
utilized in tissue stiffness testing by measuring tissue strain.
The principle is that tissues produce strains under the applied
pressure during the exploration, and the strain is smaller in a
stiff area than that in a soft area.®” Recent clinical studies,’
using USE, estimate an average elastic modulus of 5 kPa for
healthy liver, and in excess of 20 kPa for advanced liver

Table 1 Common methods for detecting tumor mechanical properties

cancers. USE measurements also show that the average
stiffness of normal pancreatic tissue is only 2.5 kPa, but the
average stiffness of pancreatic cancer tissue is 6.1 kPa.* USE
holds immense potential for various clinical applications in
the liver, breast, thyroid, kidneys, prostate, and lymph nodes.
Nonetheless, there are still many inherent limitations that
hinder the reproducibility of USE measurements (Table 1). A
number of these can be attributed to shadowing, reverbera-

TMME
traits Methods Advantages Limitations Refs
Stiffness Magnetic resonance Full 3D image of tissue and large, movable Expensive and time-consuming procedure 78
elastography deeper fields of view and in vivo
Ultrasound Non-invasive and rapid Low detection accuracy for complex tumor structure 80
elastography
Atomic force High-resolution and continuous mapping Cannot map the interior of a tissue; require slicing, 53
microscopy require physical contact and in vitro
Unconfined High detection accuracy Lack of stresses in other two planes of 3D, in vitro 86
compression test
Solid Tumor-opening Simple and rapid In vitro and only suitable for tumors with certain 58
stress volumes
Planar-cut Large dynamic range of solid stress In vitro, require agarose and consecutive cuts 53
estimation
Slicing A wide range of specimen sizes, sufficient In vitro; require agarose and consecutive cuts 53
stress release
Needle-biopsy In situ Traumatic 105
IFP Wick-in-needle In vivo, simple and rapid Insufficient detection depth 115
Micro puncture In vivo, deeper areas, simple and rapid Traumatic, controversial pressure calibration 117
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tion, and clutter artifacts, or the operator-dependent nature of
free-hand ultrasound systems.®" Besides, the complex architec-
ture and high tissue anisotropy of tumors can also result in
erroneous measurements. In fact, due to the above limitations,
it is only recommended to distinguish significant or advanced
fibrosis from non-significant fibrosis by USE.**

The stiffness of tumor tissues can also be quantified
through AFM measurement (on the microscale) and uncon-
fined compression test (UCT) (on the macroscale).”®> AFM
measures the tumor tissue stiffness by deflection of the canti-
levers caused by the repulsive force between the probe and the
sample. Notably, for AFM measurements, tumor tissues
should be prepared as a thick slice and measured within
2-3 h.®* More useful information on characterizing tumor
tissue mechanical stiffness can be found elsewhere in excellent
reviews.®*®> UCT is another reliable and effective method for
measuring the stiffness of tumor tissues. To use this method,
slices of freshly excised tumor tissue are placed in an uncon-
fined compression chamber submerged in phosphate buffer
solution (PBS). The chamber is then mounted in an ultra-
sensitive servo-controlled materials tester and the specimen is
compressed by 5% of the original height in ramps of 20
seconds. After allowing the specimen to relax for about
20 minutes, Young’s modulus is determined as the ratio of the
linear fit to the stress-strain data.®®®” Despite the accuracy of
this method, there are still certain limitations that need to be
taken into consideration when using UCT (Table 1). We can
only detect the stress component at the cut surface, while the
3D stiffness heterogeneities of tumor tissues cause a lack of
stresses in the other two planes. Whether living tumor tissue’s
mechanical stiffness can be fully detected by UCT is still an
unresolved issue. Nevertheless, UCT represents a powerful tool
for measuring the mechanical stiffness of tumor tissues.
Compared with MRE and USE, AFM and UCT have the advan-
tages of higher detection accuracy. Nonetheless, AFM and UCT
cannot obtain the mechanical stiffness of tumor tissues in situ
and in vivo. Tumor tissues must be excised from cancer
patients in the clinic, or from mice in preclinical studies.
Furthermore, only the mechanical stiffness of cutting plane is
attainable by AFM and UCT, while 3D mechanical stiffness dis-
tribution can be obtained by MRE and USE.

Mechanical stiffness exerts profound impacts on tumor pro-
gression and cancer therapy. An in vitro study revealed that
mammary epithelial cells can differentiate into acinus when
they are cultured in a condition that simulates the stiffness of
breast tissues.®® EMT can occur in mammary epithelial cells
with increased matrix stiffness. These cells lose their cell-cell
adhesion and apical-basal polarity, and acquire the abilities to
invade and metastasize. Other research draws the same con-
clusion, that human colon cancer cells can exhibit a meta-
static-like phenotype when they are cultured on substrates with
raised mechanical stiffness.*”°° The increased tumor rigidity
can increase the degree of malignancy as well.”’®* For pan-
creatic cancer, the elevated pancreatic stiffness indicates the
enhanced invasion and metastasis capacity of pancreatic
cancer cells.”” Hyper-fibrotic pancreatic tissue not only pro-
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motes the EMT process but also reduces the chemosensitivity
of pancreatic carcinoma cells to paclitaxel (PTX).”* Mechanical
stiffness also regulates tumorigenesis and tumor development
by transforming physical signaling into biochemical signaling
through mechanical transduction pathways. For example, the
alteration of tumor stiffness can be sensed by integrins, which
subsequently activate focal adhesion kinase (FAK)-mediated
signaling transduction.’® Yes-associated protein (YAP) can be
activated by the stiff matrix and then mediates cellular signal-
ing transduction through actomyosin, Rho-associated protein
kinase (ROCK) and Src, thereby maintaining and enhancing
the function of CAFs.’®*®” Furthermore, TGF-f mediates
mechanical signaling transduction through various signaling
pathways in stiff matrix.’® In conclusion, increased tumor
stiffness can promote the secretion of cell growth factors, cel-
lular signaling transduction and induce EMT, leading to
enhanced tumor metastasis and malignant degree, and redu-
cing the chemosensitivity of cancer cells.

Solid stress

Solid stress refers to the mechanical force stored in or trans-
mitted through ECM and cells, including compressive stress,
tensile stress and shear stress.”® By definition, solid stress is
distinct from mechanical stiffness. Jain et al. elegantly demon-
strated that tumor solid stress increased with tumor growth
whereas tumor mechanical stiffness was independent of
tumor size.>® Tumor solid stress is generated in the following
ways. First, tumor cell proliferation and matrix deposition
increase tumor volumes, which compress the viscoelastic
structural units inside and outside tumor tissues, generating
solid stresses towards tumors and surrounding tissues.’*”?
Second, tumor invading normal tissue produces solid
stress.'°>*°" For solid tumors with well-circumscribed nodular
masses, considerable solid stresses would be generated when
tumors push the surrounding tissues. Nevertheless, for inva-
sive tumors with an infiltrating phenotype, relatively small
solid stresses would be generated when tumors grow in
normal tissues.”>'%* Third, swelling of the glycosaminoglycan
matrix components by absorbing water would generate solid
stress.®® Fourth, cell contractions mediated by actomyosin
could produce solid stress as well.'®

Measuring tumor opening is a simple technique that can
rapidly test solid stress. The seminal work of Jain et al.’® deter-
mined that the solid stress in the interior of murine tumors
ranged from 0.37 to 8.01 kPa, which was consistent with their
earlier works on solid stress measurement by using cutting
experiments and model predictions.’®*'** In this method,
approximately 80% of the thickness is cut along the longest
axis of the tumor, and the stress relaxation was evaluated as
the extent of tumor opening normalized to the diameter of the
tumor. The solid stress value was then calculated according to
the mathematical model and the estimated material properties
of tumor tissue. It predicted that the compressive stress was
distributed in the center of the tumor, while the tensile cir-
cumferential stress was distributed at the edge of the tumor."?
Measuring tumor opening for solid stress detection has its
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own limitations (Table 1). First, this method is only suitable
for testing the solid stress of stiff tumors with certain volumes.
When applied to soft or small tumors, the tumor incision
might be difficult to open due to the insufficient releasing
stress in the tumor. Besides, the tumor opening test can only
be carried out in vitro, which means that clinical application of
this method is difficult. Unlike tumor stiffness that can be
mapped in vivo and in situ, developing reproducible and objec-
tive methods for solid stress measurement in vivo has been
challenging. To further characterize tumor solid stress, Jain
et al. developed three other methods (planar-cut, slicing, and
needle biopsy).>*'®> The planar-cut is a method used to
characterize solid stress by cutting a tumor along a plane par-
allel to the tumor surface. This type of sampling allows
researchers to measure the amount of stress present in the
tumor from a 3D perspective. This method provides an indi-
cation of the amount of stress present in the tumor. The
planar-cut is a valuable tool for researchers studying the
effects of stress on tumor growth and progression. The slicing
is a method used to quantify solid stress by cutting a sample
into thin slices. This type of sampling allows researchers to
measure the amount of stress present in the tumor from a two-
dimensional viewpoint. Needle biopsy is a procedure in which
a small sample of tissue is removed from a tumor for diagnos-
tic testing. This type of biopsy can help characterize the
tumor’s solid stress by measuring the physical characteristics
of the tumor, such as its shape deformations in excised tumor
tissues and original tissues. These methods can be applied to
a variety of malignant solid tumors such as breast cancer, pan-
creatic cancer, brain cancer, and colon cancer.'® In these
operations, the solid stress of the tumor is released in a con-
trolled manner, then the incision deformation is reconstructed
by ultrasound imaging technology, thus the solid stress and
elastic potential energy of the tumor can be calculated by
finite element modeling. It was found that solid stress
increased with tumor size, but the stiffness did not. This
suggested that the effects of solid stress and stiffness on
tumor tissue and cell behavior should be considered indepen-
dently. These methods have non-negligible shortcomings
(Table 1). The planar-cut and the slicing are limited to ex vivo
measurements and require embedding of the tissues in
agarose before cutting. The current controversy is whether
mechanical cutting or slicing can reflect tumor solid stress
practically, for some residual stress may still remain and
cannot deform the tumor after solid stress is released.
Therefore, how to measure solid stress in a non-invasive
manner with the help of existing clinical testing instruments
and technologies needs further investigations.

Tumor solid stress plays an important role in tumor pro-
gression and cancer therapy. Solid stress compresses tumor
blood and lymphatic vessels,”®'°®'” which hampers oxygen
and drug delivery through blood vessels, resulting in tumor
hypoxia, decreased immune cell infiltration, formation of an
immunosuppressive microenvironment, and reduced antitu-
mor effects.”” ® In addition, tumor solid stress affects tumor
biology through a variety of pathways. First, solid stress can
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directly affect cells through applying forces on intercellular
adhesion, cell-ECM adhesion and stretch-sensitive ion
channels.?®'%%1% gecond, solid stress can modulate the
nuclear import of transcription factors by affecting the activity
of nuclear pore complexes and associated proteins.>''® For
instance, nuclear deformation caused by solid stress can acti-
vate the YAP/transcriptional coactivator with PDZ-binding
motif (TAZ) signaling pathway, thereby promoting cell prolifer-
ation, inhibiting cell apoptosis, regulating the cell cycle,
enhancing the function of cancer stem cells (CSCs), and acti-
vating CAFs."™ Third, solid stress can indirectly affect cancer
cells by deforming ECM components. For example, myofibro-
blasts stretching ECM can activate the latent TGF-B, which can
subsequently regulate cancer cells and ECM. Moreover, the
tensile forces can induce the unfolding of fibronectin in ECM,
elevate the enzymatic resistance of collagen, and regulate the
interactions of fibronectin and collagen.***** In summary,
solid stress not only contributes to the formation of the TMME
and insufficient drug delivery by compressing blood vessels
and lymphatics, but also promotes tumor progression and
increases the degree of malignancy through regulating cellular
signaling pathways by directly affecting mechanosensitive cel-
lular components or indirectly inducing deformation of ECM
components.

Interstitial fluid pressure

The third mechanical abnormality of solid tumors is elevated
extravascular hydrostatic pressure, also known as interstitial
fluid pressure (IFP), which is caused by leaky blood vessels
and a compromised lymphatic drainage system.®
Subcutaneous IFP was first measured in anesthetized rats with
the wick-in-needle (WN) technique.’”® In this approach, the
wick is placed inside a hypodermic needle with a 2 to 4 mm-
long side hole, and is connected to a pressure amplifier and
recorder through a polyethylene tube.''® Results were recorded
on a recorder, with a sensitivity of 2 mm of deflection per mm
Hg. The WN technique represents a simple and rapid method
for measuring IFP. However, the needle tip is easily obstructed,
and the continuous water column between the tissue fluid and
the needle cavity can be disturbed, which leads to unstable
pressure recording. Besides, this technique is traumatic, which
might change local IFP (Table 1). There is also no direct evi-
dence to show that the control pressure or the pressure
changes accurately reflect the conditions in undisturbed inter-
stitial fluid. Another approach for IFP detection is the micro
puncture (MP) technique. Using micropipettes with tip dia-
meters ranging between 2 and 4 pm, Jain et al. demonstrated
for the first time that IFP was elevated throughout the
mammary adenocarcinoma and dropped sharply to normal
values at the periphery of the tumor.’"” In this method, zero
pressure is calibrated by determining the linear relationship
between imposed pressure and measured pressure in a saline
test chamber. Individual pressure measurements are made by
introducing micropipettes perpendicularly from tumor surface
to depths of 2.5 to 3.5 mm and then retracting them back to
the surface. Results showed that the average IFP of mammary
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adenocarcinoma was 103 mm Hg, and no significant corre-
lation was found between tumor mass and IFP. Nevertheless,
these methods have their inherent shortcomings in appli-
cation. Depth of penetration is the main limitation of the MP
technique (Table 1). The MP technique was often used to
measure IFP in the superficial layers, while the WN technique
was generally utilized to determine IFP in the deeper areas.
Furthermore, a common drawback of these two methods is
that introduction of a wick in subcutaneous tumor tissues will
cause a leakage of albumin from blood plasma into the wick,
which would affect liquid pressure measurement to a certain
extent. Besides, the WN technique can only test one or two
small areas (5 mm x 5 mm) within a tumor, which also
narrows its scope of application (Table 1).

Elevated IFP promotes tumor interstitial flow, exposing
cells to shear stress. Shear stress has a significant impact on
the biology of tumor cells and stromal cells in several ways,
including activating CAFs, affecting tumor angiogenesis and
lymph angiogenesis, inducing matrix metalloproteinase acti-
vation, affecting cell mobility, promoting cancer cell migration
and invasion, resulting in cell cycle arrest, and regulating
immune cells."*®*"** The above impacts are mainly caused by
mechanical signaling transduction mediated by focal adhe-
sions, cell glycocalyx, cell-cell junctions, ion channels and
Notch receptor.”">>'>* These mechanical signals can up-regu-
late the expression of TGF-p and induce the activation of YAP/
TAZ pathways.''®'>>'2¢ The increased IFP can also indirectly
affect tumor progression and cancer therapy. The formed fluid
pressure gradients can make the interstitial fluid flow from
tumor interior to tumor surrounding, which will spread cancer
cells and growth factors to the adjacent tissues and lymphatic
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vessels, thereby contributing to tumor growth and tumor meta-
stasis."'® Moreover, the increased IFP can impair drug pene-
tration and distribution in tumors, and reduce drug retention
time.'® Overall, the elevated IFP not only affects tumor pro-
gression and promotes tumor metastasis through direct or
indirect effects, but also hinders drug permeability and reten-
tion in tumors, severely restricting the antitumor effect of con-
ventional cancer therapy.

Conventional TMME modulation
strategies

As mentioned above, abnormal mechanical properties not only
promote tumor progression but also severely limit drug deliv-
ery efficiency and antitumor efficacy. Thus, modulating the
TMME is essential for potent cancer therapy. Blocking the syn-
thesis of ECM components by small-molecule drugs, including
losartan, tranilast and pirfenidone (PFD), decomposing exist-
ing ECM proteins by utilizing proteolytic enzymes, like hyalur-
onidase and collagenase,'”” and suppressing CAFs with hyper-
baric oxygen (HBO) therapy are three widely used strategies for
regulating tumor mechanics. In this section, we will discuss
these conventional TMME modulation strategies for enhanced
cancer therapy (Table 2).

TMME modulation by blocking the TGF-f signaling pathway

Losartan, an angiotensin receptor II antagonist, is clinically
used to treat hypertension. Some studies illustrated that block-
ing angiotensin signaling by losartan could inhibit the acti-

vation of fibroblasts and reduce ECM contents in

Table 2 Conventional strategies for modulating the TMME to boost cancer therapy

Method Mechanisms Drugs

Stages TMME modulation and therapeutic effects Ref.

TGF-f signaling Pirfenidone, doxorubicin

inhibition

Suppress ECM
synthesis
Losartan, doxorubicin

Losartan, FOLFIRINOX
Tranilast, Doxil
ECM degradation

Degrade ECM PEGPH20, gemcitabine

components
PEGPH20, nab-paclitaxel
and gemcitabine
PEGPH20, FOLFIRINOX
Hyperbaric oxygen  Suppress CAFs Doxil

therapy Abraxane and gemcitabine

Abraxane or Doxil
PD-1 antibody

PD-1 antibody

This journal is © The Royal Society of Chemistry 2023

Preclinical Elastic modulus decreased by 30% 133
Collagen I and HA decreased by 78% and 71%
Preclinical Solid stress decreased by 50%, survival prolonged 59
by 200%
Downstaging of locally advanced pancreatic 130
ductal adenocarcinoma
Plasma TGF-f concentration decreased by 34%
Preclinical Solid stress decreased by 65%, elastic modulus 131
decreased by 60%
IFP decreased by 40%

Phase 2

Preclinical IFP decreased by 75% and enhanced antitumor 14
efficacy
Phase 3 Median PFS prolonged by 76.9% and OS 137

prolonged by 35.3%

Median PFS decreased by 44.1% and median OS 138

decreased by 87%

Preclinical Decreased collagen deposition with TIR of 91.5% 26

Preclinical Young’s modulus decreased by 72.6% 30
Tumor vessel and the vessel tortuosity decreased
by 53.7% and 58.5%

Preclinical Solid stress decreased by 40%, suppressing CSCs 27
and cancer metastasis

Preclinical Solid stress reduced by 40%, PD-1 antibody and 29

CD8" T cell infiltration increased

In progress 29

Phase 2

Phase 1
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tumors."*®'*® In the breast cancer E0771 tumor model and
pancreatic cancer AK4.4 tumor model, losartan treatment sig-
nificantly reduced intratumoral collagen (40% for E0771 and
50% for AK4.4) and hyaluronan (HA) contents (10% for E0771
and 25% for AK4.4).”° Accordingly, solid stresses, as quantified
by the tumor opening method, were significantly decreased in
both tumor models (50% for E0771 and 50% for AK4.4), while
perfused blood vessels were increased by 43% and 45%,
respectively. It is worth noting that losartan has no effect on
vessel density, but increased the amount of perfused blood
vessels in this research, demonstrating that restraining the
synthesis of ECM components and relieving solid stress would
decompress blood vessels. As a result, losartan treatment
markedly improved oxygen and drug delivery to tumor
tissues.>® The combination of losartan and chemotherapeutic
agents significantly prolonged the survival of tumor-bearing
mice (200% for E7701 and 150% for 4T1 tumor models)
(Table 2). In a phase II clinical trial (clinical trial number:
NCT01821729), losartan was utilized in combination with
neoadjuvant FOLFIRINOX (fluorouracil, leucovorin, oxalipla-
tin, and irinotecan) and chemoradiotherapy to improve the R,
resection rate in patients with locally advanced pancreatic
cancer.”*° The inspiring results were that the R, resection was
61% among all enrolled patients (49) and 88% in the patients
that received resection. It was also found that plasma TGF-f
levels decreased significantly post treatments with losartan,
FOLFIRINOX and chemoradiotherapy, suggesting that losartan
might augment the antitumor efficacy of FOLFIRINOX and
chemoradiotherapy by interrupting tumor mechanics. These
pioneering studies emphasize that modulating the TMME by
losartan is beneficial for cancer therapy not only in animal
tumor models but more importantly in patients with lethal
solid tumors.

Administration of tranilast can achieve similar results as
losartan treatment. Tranilast is a commonly used antifibrotic
drug in clinical practice. In breast cancer 4T1 and MCF10CAla
tumor models, the intratumoral collagen contents were
reduced by 20% and 25%, respectively, and the intratumoral
HA contents were reduced by around 40% and 63%, post trani-
last treatment (Table 2)."*" With the decrease of matrix com-
ponents, tumor mechanical properties were improved. Tumor
solid stresses of these two tumor models decreased by 35%
and 46%, while tumor stiffnesses decreased by 54% and 61%,
as measured by UCT. Concurrently, the compression of the
tumor vessels was relieved. Researchers found that vessel dia-
meters increased by 10%, and the fraction of perfused blood
vessels was enhanced by 50%. Therefore, tranilast treatment
could effectively deliver drugs with various diameters, includ-
ing DOX (<1 nm), Abraxane (10 nm) and Doxil (100 nm), and
significantly improve the antitumor effect of traditional
chemotherapy and commercialized nanomedicines. Another
study also showed that interfering with the mechanical pro-
perties of lung metastases by tranilast can alleviate tumor
hypoxia and promote drug delivery."** PFD is another antifi-
brotic drug widely prescribed in the clinic, and is generally
used for the treatment of idiopathic pulmonary interstitial
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fibrosis."** In 4T1 and MCF10CAla tumor models, PFD
reduced the amount of HA and collagen in tumors via mediat-
ing the TGF-p signaling pathway. The investigators further
demonstrated that both tranilast and PFD were capable of
reducing solid stress (as measured by tumor opening) and
mechanical stiffness (as characterized by UCT)."** These
studies corroborated that the accumulation of ECM com-
ponents, including HA and collagen, were responsible for the
aberrant TMME. However, the relationship between solid
stress and mechanical stiffness is unclear.

TMME modulation by enzymes degrading ECM components

Hyaluronidase can decompose intratumoral HA and reduce
the degree of tumor fibrosis, thereby interrupting tumor
mechanical properties. A study showed that pegylated recombi-
nant human hyaluronidase (PEGPH20) combined with GEM
could significantly prolong the survival of mice with pancreatic
ductal carcinoma.'® The reason is that PEGPH20 degrading
intratumoral HA could significantly reduce IFP in tumors. The
IFP of pancreatic ductal carcinoma reduced by 75% after
PEGPH20 + GEM combination treatment relative to GEM
single treatment. Besides, tumor tissues with PEGPH20 + GEM
treatment became soft and the diameters of vessels increased
significantly. These changes are conducive to GEM delivery to
tumor tissues. However, the operational mechanism for
PEGPH20 on pancreatic tumor blood vessels has aroused con-
siderable debate. Adopting the MN technique, it was found
IFP in pancreatic tumors was much smaller than that
measured by the piezoelectric probe technique.'*® The authors
reasoned that the piezoelectric probe technique indeed
detected both IFP and solid stress. Therefore, it was suggested
that PEGPH20 decompressed pancreatic tumor blood vessels
by reducing solid stress rather than IFP. Despite these contro-
versies, PEGPH20 has been tested together with standard
therapies for pancreatic cancers in numerous clinical
trials.’**"**® In one trial, PEGPH20 was combined with nab-
paclitaxel/gemcitabine for the treatments of patients with
untreated metastatic pancreatic ductal adenocarcinoma
(PDAC). Although significant benefits in progression-free survi-
val (PFS) were exhibited in the phase II trial,"*” no evident
advantage was observed for overall survival (OS) in the sub-
sequent phase III trial. Even worse, the addition of PEGPH20
to mFOLFIRINOX was demonstrated to be harmful for patients
with metastatic PDAC in another phase IB/II trial."*® The com-
bination of PEGPH20 with mFOLFIRINOX reduced median OS
and increased toxicity. It should be noted that no tumor HA
status was selected in this trial. These clinical trials highlight
the differences between preclinical models and cancers in
patients, and underscore the need for more fundamental
studies on mediating the TMME for cancer therapy.

TMME modulation by hyperbaric oxygen therapy

HBO therapy can effectively interfere with the TMME and
augment therapeutic effects by overcoming tumor hypoxia and
inhibiting CAFs.*® HBO is a treatment where patients breathe
pure oxygen at 2 to 3 atmospheric pressures. HBO treatment is
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safe and has been widely utilized in treating ischemia, acute
carbon monoxide poisoning, unhealed wounds and radiation
injury.'*>° Currently, HBO treatment is considered as one of
the most effective means of delivering oxygen to solid
tumors."" HBO treatment can directly increase the oxygen
concentration in plasma, without relying on hemoglobin-
based oxygen delivery.'*> Therefore, HBO exhibits outstanding
oxygen delivery efficiency as compared with other strategies.
Multiple studies that combine HBO with conventional antitu-
mor treatments have been reported in recent years.>®>”2%3° By
suppressing CAFs, blocking ECM-related gene expression, and
reducing the ECM contents in tumors,’® HBO treatment sig-
nificantly mediated tumor mechanical properties and boosted
antitumor effects.>*° In the pancreatic Panc02 tumor model,
study showed that hypoxia promoted the proliferation of CAFs
and synthesis of ECM components, while HBO treatment
could inhibit the proliferation of CAFs through curbing TGFf1
secretion from Panc02 tumor cells.’® After treatment with
HBO, the contents of total collagen, collagen I and fibronectin
in pancreatic tumor-bearing mice were reduced by 37.5%,
42.5% and 40.4%, respectively (Table 2). With the decrease of
ECM contents, the mechanical stiffness of pancreatic tumor
(as detected by AFM) reduced by more than 50%. Besides,
tumor vessels were normalized and vessel tortuosity was
diminished by 58.5%, leading to an enhanced delivery
efficiency of Abraxane to tumor tissues. With HBO treatment,
the accumulation of Abraxane in tumors was around 1.7 times
as much as that of the control group, and the drug penetration
depth and cellular uptake were 3.78 and 1.82 times higher
than in mice without HBO treatment. Therefore, combination
treatment of HBO and abraxane/gemcitabine (GEM), the first-
line treatment for pancreatic cancers, significantly improved
the tumor inhibition effect and anti-metastasis efficacy. In the
triple-negative breast cancer (TNBC) 4T1 tumor model, alleviat-
ing the hypoxia microenvironment could also deplete excessive
ECM and interfere with tumor mechanical properties.”” After
treatment with HBO, the contents of collagen and fibronectin
in 4T1 tumors were reduced by 41% and 65%, respectively.
Meanwhile, 4T1 tumor solid stress decreased by approximately
40% as revealed by tumor opening. As a result, compression of
tumor blood vessels was significantly relieved while blood per-
fusion (as measured by laser speckle blood flow imager) was
significantly improved. This study demonstrated that HBO
modulating the TMME dramatically enhanced drug accumu-
lation of Abraxane (by 36%) and Doxil (by 25%) and increased
the penetration depth of Abraxane (by 3.86-fold) and Doxil (by
4.42-fold), thereby effectively eliminating cancer stem cells
(CSCs). Additionally, in the hepatocellular carcinoma (HCC)
H22 tumor model, decreasing ECM components and improv-
ing the TMME by HBO treatment increased the vascular extra-
vasation and tumor penetration depth of program death-1
(PD-1) antibody by 2.6 times.”® This study also showed that
HBO treatment significantly increased T-cell infiltration in
tumor parenchyma and promoted the antitumor effects of ICB
immunotherapy against both rodent tumor cells and cancer
cells derived from fresh tumor tissues excised from cancer
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patients with HCC. The combination of HBO and PD-1 anti-
body is currently being tested in a single-arm clinical trial
(NCT05031949) in patients with HCC. In another clinical trial,
HBO was combined with nab-paclitaxel/gemcitabine for the
treatment of patients with pancreatic cancers. The above
studies collectively corroborate that HBO treatment can reduce
tumor rigidity, relieve tumor solid stress, decompress tumor
blood vessels, and improve blood perfusion by overcoming
tumor hypoxia, suppressing CAFs and inhibiting the synthesis
and secretion of ECM components, in varieties of tumor
models. These effects have been proved to be beneficial for
boosting the therapeutic efficacy of commercialized nanomedi-
cines and PD-1 antibody-based immunotherapy. Therefore,
mediating tumor mechanical properties by HBO is of great sig-
nificance for clinical applications. Despite these studies, the
mechanism by which HBO inhibits CAFs is unclear and calls
for further fundamental studies. As CAFs are heterogeneous
both phenotypically and functionally and can be divided into at
least three subtypes,®® namely, myofibroblastic CAFs, inflamma-
tory CAFs, and antigen-presenting CAFs, it is not clear yet which
subpopulation of CAFs is affected the most by HBO.

While it is true that many conventional treatments such as
HBO can modulate the TMME, determining which strategy
works best and has the most clinical value depends on several
factors, such as the specific type and stage of cancer, the
overall health of the patient, and the goals of the treatment.
For instance, the conventional therapeutic modality of hyper-
baric oxygen confers distinctive advantages, including its non-
invasive nature and the potential to modulate the mechanical
properties of tumors situated beyond the surface layer.
Notwithstanding the promising therapeutic potential of hyper-
baric oxygen, its clinical application is not without limitations.
Patients who present with high or low blood pressure, respirat-
ory infections, and concurrent active bleeding may be ineligi-
ble for treatment due to contraindications.

Nanomedicine-based TMME
modulation for cancer therapy

With recent advances in nanotechnology and tumor
mechanobiology,">'"'® nanomedicines that target the TMME
have received tremendous attention.””** As fast-growing
cancer cells, overactivated CAFs, and excessive ECM com-
ponents are the main causes for abnormal TMME,"? including
accumulated solid stress, promoted mechanical stiffness and
elevated IFP (Fig. 1), which are deemed as the main physical
barriers for drug delivery, nanomedicines are rationally
designed for augmented cancer therapy. In this section, we
briefly introduce four nanomedicine-based TMME modulation
strategies (Fig. 2), including metronomic therapy, photother-
mal therapy (PTT), photodynamic therapy (PDT), and combi-
nation therapy. We showcase representative examples (Table 3)
and elaborate the TMME-modulation mechanism and their
effects on drug delivery, tumor immune environment and
therapeutic outcomes.
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Fig. 2 Physical hallmarks of the TMME as targets for nanomedicine to
boost cancer therapy.

Nanomedicine-based metronomic therapy

Metronomic therapy regulates the TMME by eliminating
cancer cells. By using a lower and more frequent dose schedule
than standard therapy, metronomic therapy can maintain the
plasma drug in a relatively low but effective concentration
range for a longer time. Therefore, metronomic therapy can

Table 3 Nanomedicines that interrupt the TMME to boost cancer therapy
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reduce the side effects and prolong the survival of patients,
and has become an attractive alternative to maximum tolerated
dose (MTD) treatment.’**'** Some studies pointed out that
metronomic therapy, by killing cancer cells, not only improved
antitumor effects, but also normalized the TMME, improved
the function of tumor blood vessels'*® and reversed tumor
immunosuppression as compared with MTD treatment.'*>**”
Nanomedicines can also maintain the plasma drug concen-
tration in a relatively low but effective range for a long time,
owing to their long circulation time and controlled drug-
release capacity.'*® Thus, nanomedicines can induce similar
cascade effects as metronomic therapy.'*® A recent study
showed that Doxil can modulate the TMME and enhance the
antitumor effect of ICB immunotherapy.’*® In detail, Doxil
treatment with a lower and more frequent dose schedule (1 mg
kg™, daily for six days; 2 mg kg™, every other day three times
a week) exerted a higher tumor-suppression rate than MTD
treatment (6 mg kg ', once a week). In this study, the authors
demonstrated that nanomedicine-based metronomic therapy
could decompress tumor blood vessels and enhance blood per-
fusion (as detected by dynamic contrast-enhanced ultrasound)
by reducing mechanical stiffness (as measured by ultrasound
shear wave elastography), solid stress (as revealed by tumor
opening), and IFP (as probed by the WN technique) (Table 3),
thereby increasing the infiltration of immune cells (natural
killer cells and CD8" T cells) in tumor tissues and inducing
the transition of M2-like tumor-associated macrophages
(TAMs) to Mi-like TAMs."*® The above study indicates that
administering nanomedicine for metronomic therapy is an
effective strategy for tumor mechanics modulation and immu-
notherapy promotion. Compared with small molecular drugs,

Method Mechanisms Drugs Stages TMME modulation and therapeutic effects Ref.
Metronomic Eliminate cancer ~ Doxil Preclinical IFP decreased by 83% and elastic modulus decreased = 149
therapy cells by 50%
Mild hyperthermia  Suppress CAFs FDINs Preclinical Young’s modulus decreased by 70%, solid stress 38
decreased by 30%
Eliminated CSCs and achieved a TIR of 86%
CHI Preclinical Young’s modulus decreased by 36%, solid stress 37
decreased by 43
Inhibited CSCs and achieved a TIR of 72%
mP Preclinical Young’s modulus decreased by 47%, solid stress 39
decreased by 25%
Suppressed homologous recombination repair
pathway and achieved a TIR of 86%
Photodynamic Degrade ECM UNPSs Preclinical Collagen I decreased by 35% and inhibited tumor 28
therapy growth
Combination Normalize TMME Tranilast, Doxil and ICB Preclinical Decompressed blood vessels in lung metastasis and 132
therapy restored blood perfusion

Tranilast, epirubicin,
Doxil and ICB

Met@Man-MPs and PD-1
antibody
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Achieved potent synergistic combination therapy in
ICB-refractory breast cancers

Preclinical Tumor stiffness decreased by 80%, IFP decreased by 175

50%
Increased T-cell infiltration for robust antitumor
immune responses

Preclinical Decreased collagen I by 70% and facilitated PD-1 177

antibody delivery
Repolarized TAMs and increased CD8" T cell
infiltration
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the advantages of nanomedicine-based metronomic therapy
are that nanomedicines have longer blood circulation time,
have fewer adverse effects towards normal organs and tissues,
and require less frequent dosing. However, the mechanism by
which nanomedicine-based metronomic therapy modulates
the aberrant TMME is not yet clear and awaits further
investigations.

Nanomedicine-based mild hyperthermia

Mild hyperthermia is an effective strategy for regulating ECM
components. For instance, mild hyperthermia can decrease
tumor stiffness by affecting the organization of collagen
fibers.*® Collagen fibers may undergo a reversible thermal
transition between 31 and 37 °C."° However, an irreversible
thermal transition will occur within 37 to 55 °C. One study
showed that the morphology of collagen changed and the
tissue structures were destroyed when tumors were treated
with PEG-modified iron oxide nanocubes-mediated magneto-
thermotherapy in a human epidermoid carcinoma A431 tumor
model.*> The interfibrillar space increased from 101 to
133 nm. Meanwhile, it was observed that nanocubes accumu-
lated near collagen fibers and infiltrated into tumor tissues
after thermotherapy. Another study investigated the distinct
effects of mild hyperthermia (43 °C, 15 min) and thermal abla-
tion (52 °C, 3 min) on tumor stiffness by using multi-walled
carbon nanotubes (MWCNTSs).*® In the A431 tumor model,
researchers found that the effects of mild hyperthermia and
thermal ablation on tumor stiffness both exhibited two
different stages of characteristics: temporary stiffening of
tumor tissues and subsequent continuous reduction of tumor
tissues. Owing to the photothermally induced denaturation of
protein and necrosis of tumor tissue, the stiffness of tumors
increased rapidly within several minutes following the first
mild hyperthermia and thermal ablation treatment. The tem-
porary stiffening of tumor tissues was relieved within 24 h and
reduced to the original stiffness before treatments. After the
second mild hyperthermia and thermal ablation treatment,
tumor stiffness decreased continuously. The decrease of tumor
stiffness induced by photothermal therapy is mainly related to
the reduction of tumor volume, which is caused by the
destruction of ECM and apoptosis of cancer cells. Although
both mild hyperthermia and thermal ablation treatment effec-
tively destroy collagen and reduce tumor rigidity, thermal abla-
tion will deteriorate tumor blood vessels, which is not condu-
cive to subsequent drug delivery. In contrast, mild hyperther-
mia treatment is beneficial for improving tumor blood per-
fusion, increasing the size of tumor capillary pores, and facili-
tating the exudation of nanomedicines (~100 nm) from blood
vessels to tumor tissues.

While the effects of hyperthermia on ECM proteins and bio-
polymers have been documented by numerous groups in
various tumor models,>™"** the impacts of mild hyperther-
mia on CAFs have aroused tremendous interest in the past few
years. In light of the significance of CAFs in the aberrant
TMME, Li et al. developed a hydroxyethyl starch (HES)-based
smart nanomedicine (CHI) to target and eliminate CAFs, by
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using HES-IR780 nanoparticles conjugated with the Cys-Arg-
Glu-Lys-Ala (CREKA) peptide, which has a specific affinity for
fibronectin overexpressed on CAFs. Upon systemic adminis-
tration, CHI efficiently targeted CAFs and generated hyperther-
mia upon light irradiation, thus effectively suppressing CAFs
through a photothermal effect. This led to a series of changes
in the TMME, including decreases in total collagen, collagen I,
fibronectin, tumor mechanical stiffness (decreased by 36%, as
probed by AFM), and solid stress (reduced by 56.3%, as
revealed by tumor opening), thereby normalizing intratumoral
blood vessels, promoting blood perfusion (increased by 40%,
as detected by laser speckle blood flow imager), alleviating
tumor hypoxia, eliminating CSCs, disrupting the CSC niche,
and constraining CSC survival (Table 3).*” Based on the above
findings, the same group explored the effects of mild
hyperthermia on CAFs by tumor-targeting HES smart nano-
medicine.*® The investigators harnessed the unique properties
of a carbamate disulfide bridged doxorubicin dimeric prodrug
as a pharmaceutical ingredient, combined with the therapeutic
potential of IR780 iodide as a photothermal agent and bio-
compatible hydroxyethyl starch—folic acid conjugates as an
amphiphilic surfactant, to fabricate an active targeting nano-
medicine (FDINs), which binds with folate receptors highly
expressed on the surfaces of numerous cancer cells. The
photothermal effect of FDINs modulated the aberrant TMME
by reducing by 50.1% podoplanin-positive CAFs and depleting
by 52.0% collagen I and 49.1% fibronectin of the ECM,
thereby decreasing mechanical stiffness by 69% (as probed by
AFM) and solid stress by 25% (as quantified by the tumor
opening method) (Table 3). Consequently, both the structure
and function of intratumoral blood vessels were restored to
facilitate oxygen transport (the expression of HIF-1a decreased
by 34.8%) and drug delivery (increased by 45%). Furthermore,
FDINs is demonstrated to eliminate 27.9% of CD44'CD24~
cancer stem cells (CSCs) by disrupting the CAF-mediated CSC
niche and depleting intracellular GSH levels within CSCs.
Notably, these effects translate into an extra 45% reduction in
tumor growth in the 4T1 orthotopic breast cancer model.
These inhibitory effects reveal the potential of FDINs as an
efficacious therapeutic agent, which is capable of eliminating
the most aggressive and treatment-resistant CSC subpopu-
lation in breast cancers.?® Inspired by the above findings, the
same research group further developed a passive targeting
nanoparticle, mesoporous polydopamine (mP), for the simul-
taneous delivery of Olaparib, a typical Poly (ADP-ribose) poly-
merase inhibitor, and DOX.*® Study results demonstrated that
locally administered mild photothermal therapy (PTT) (with
temperatures around 43 °C) exerted a profound impact on the
TMME of TNBC. By alleviating tumor hypoxia, suppressing
CAFs and reducing the amount of ECM components, mP-
mediated mild hyperthermia normalized tumor mechanical
stiffness, solid stress, and tumor vasculature (Table 3), thereby
enhancing delivery efficiencies of Olaparib and DOX, inhibit-
ing the homologous recombination repair pathway, and aug-
menting the tumor inhibition rate (TIR) by 26.1%.*° In this
work, the investigators also compared different heating modes
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for interrupting the TMME and cancer therapy. It was found
that mP-mediated mild hyperthermia was superior to water
bath heating in terms of repressing podoplanin-positive
(PDPN") CAFs, decreasing ECM contents (including a-SMA and
collagen I), and inhibiting tumor growth, emphasizing the sig-
nificance of nanomedicine-mediated hyperthermia in cancer
therapy. At the same temperature of 43 °C, mP-mediated mild
hyperthermia achieved a TIR of 85.4% whereas the water bath
heating obtained a TIR of 63.7%. As hypoxia promoted CAFs
while HBO suppressed CAFs by disrupting tumor hypoxia,*®
the authors proposed a model to account for the impacts of
mP-mediated locally mild hyperthermia on the aberrant
TMME of TNBC. Upon systemic administration, mP first accu-
mulated at tumor tissues by the enhanced permeability and
retention (EPR) effect. Then with the laser light irradiation,
mP converted energy from laser light to heating and generated
the mild hyperthermia effect, which alleviated hypoxia to sup-
press CAFs and block ECM production. These effects contribu-
ted to decreases in tumor mechanical stiffness and solid
stress, thereby normalizing intratumoral blood vessels to facili-
tate drug delivery and oxygen transport. By comparing the
results of CHI, FDINs and mP, it can be seen that is not
necessary to prepare sophisticated nanomedicines for target-
ing CAFs. This conclusion is corroborated by other
researchers.?”*! Nanomedicines with simple structure and
components have a higher chance of clinical translation and
bedside application. However, molecular understanding of
nanomedicine-mediated mild hyperthermia on TMME regu-
lation warrants further investigations.

Nanomedicine-based photodynamic therapy

Photodynamic therapy (PDT) is also a viable strategy for regu-
lating the TMME. PDT is a minimally invasive treatment which
mainly utilizes specific wavelengths of near-infrared light or
visible light to irradiate photosensitizers (PSs) to produce reac-
tive oxygen species (ROS) and induce cellular or tissue damage
at the site of light irradiation.”” It has been widely applied for
cancer therapy, accompanying different functional PSs syn-
thesized, either alone or combined with other
treatments.'>®*>® PDT with powerful cytotoxicity and exquisite
spatiotemporal control capacity makes it an attractive
approach that can directly target tumor tissues.’>® In recent
years, an expanding array of nanomedicines designed to target
the tumor microenvironment using photodynamic therapy
have been developed.’®?° In one particular study, a prostate-
specific membrane antigen (PSMA)-targeted bacteriochloro-
phyll photosensitizer was developed for subtherapeutic PDT,
which did not induce significant cancer cell death or vascular
destruction but promoted tumor vascular leakage and facili-
tated tumor accumulation of subsequently administered nano-
particles by regulating ECM content and ultrastructure.®® As a
result, with the help of subtherapeutic PDT, 5 mg kg™ of Doxil
achieved a similar tumor inhibition effect as 15 mg kg™ of
Doxil. ROS-mediated collagen degradation was also reported
with upconversion nanophotosensitizers (UCNPSs),”® which
achieved a robust tumor suppression effect together with
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HBO. Nonetheless, the influences of PDT on tumor mechani-
cal properties, including mechanical stiffness, solid stress and
IFP, were not investigated in these studies.

While PDT has shown promising results in preclinical and
clinical studies, it also has some limitations.'®*™*> One of the
major limitations of PDT is the limited light penetration depth in
tissues, which restricts its use to superficial tumors.'®*'®* This
limitation can be partially overcome by using near-infrared (NIR)
light, which has better tissue penetration.'®*'®* Non-specific
accumulation is another issue. While PDT can selectively target
tumor tissues that have been sensitized with light-sensitive
drugs, non-specific uptake of the drugs in healthy tissues can
result in damage to healthy tissues and cells."®> Tumors are
heterogeneous in nature, and PDT may not be effective in all
parts of the tumor, leading to incomplete treatment and tumor
recurrence.'®*'®” In summary, while PDT has shown promise as
a cancer treatment approach, its effectiveness is limited by
several factors, including the limited light penetration depth,
non-specific targeting, tumor heterogeneity, and treatment resis-
tance. Furthermore, PDT-mediated TMME regulation mecha-
nisms are far from being revealed and still need substantial
research to optimize the use of PDT for cancer treatment.

Nanomedicine-based combination therapy

Although the nanomedicine-based modulation strategies men-
tioned above have improved the abnormal TMME to some
extent and achieved benefits for cancer therapy, the complex
pathophysiological characteristics of solid tumors greatly limit
the performance of the single therapeutic strategy, especially
for immunotherapy."**®'%®® Cancer immunotherapy aims to
enhance the patient’s natural immune responses, thereby facil-
itating the inhibition or eradication of malignant cancer
cells."”®'”" The complete process of cancer immunotherapy
involves a series of steps. At the outset, cancer cell antigens are
released into tumor tissues, triggering the recognition of these
antigens by dendritic cells. This leads to the proliferation and
activation of T cells, which are capable of responding to cancer
cell antigens. As these T cells traffic to tumor sites, they infil-
trate into tumor parenchyma, recognize and engage with
cancer cells in a specific manner.'”> However, the abnormal
TMME once again interferes with many processes, which may
reduce the response rates of immunotherapy.'” For instance,
the elevated solid stress and enhanced mechanical stiffness
impede dendritic cells from releasing immunogenic signals
and presenting antigens, resulting in an immune-desert phe-
notype.'”? Furthermore, the variable vascular shear stress,
excessive ECM, and raised IFP collectively impede the extrava-
sation of T cells from blood vessels and their infiltration into
tumor parenchyma, generating an immune-excluded pheno-
type." These features are mostly interrelated and could serve as
new clues to cancer therapy. Appropriate combination strat-
egies are expected to reshape the TMME to achieve higher sur-
vival benefits."”* Here, we discuss the limitations of current
immunotherapy resulting from the TMME, and explore the
potential of nanomedicine-mediated TMME regulation for
augmented immunotherapy.
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Antifibrotic drug tranilast, either as free drug or encapsu-
lated within a nanocarrier, has been used together with Doxil
to regulate the abnormal TMME for enhanced ICB
immunotherapies."**"'”* Stylianopoulos et al. revealed that the
blood vessels in lung metastases of breast cancer patients are
susceptible to mechanical compression."**> Accordingly, the
investigators deftly exploited the therapeutic potential of trani-
last, by impeding the biosynthesis of HA and collagen I, to
effectively decompress the blood vessels and restore blood per-
fusion, thereby significantly mitigating the hypoxic state in a
model of breast cancer lung metastasis (Table 3). Importantly,
tranilast could help commercialized nanomedicine Doxil
induce potent cytotoxic effects towards metastatic cancer cells
and stimulate antitumor immunity. Finally, the judicious com-
bination of a tranilast, Doxil and ICB cocktail (including PD-1
antibody and cytotoxic T-lymphocyte-associated protein 4,
CTLA-4 antibody) achieved synergistic effects in TNBC 4T1 and
E0771 tumors, which are notoriously refractory to ICB immu-
notherapy. The antifibrotic drug tranilast mentioned above,
owing to a narrow therapeutic window, may cause adverse
effects.®® To solve this issue, Stylianopoulos et al. have lever-
aged a PEG-b-poly (benzyl-i-glutamate) micelle for delivery of
tranilast and epirubicin.'”® Notably, tranilast-micelles loaded
with one percent of free drug dosage still exhibited superior
effects than free drug, in maintaining drug plasma concen-
tration and bioavailability, facilitating CAF drug uptake and
hindering the TGF-p signaling pathway in CAFs. Daily adminis-
tration of tranilast-micelles achieved the optimum effect in
reducing IFP and elastic modulus (Table 3). As a result, trani-
last-micelles restored intratumoral blood perfusion and
enhanced the tumor accumulation and antitumor efficacy of
epirubicin-micelles. Furthermore, the synergistic application
of tranilast-micelles in conjunction with epirubicin-micelles or
Doxil and ICB cocktail elicited a remarkable upsurge in T-cell
infiltration, thereby engendering a curative response and
enduring immunological memory in murine models of immu-
notherapy-resistant breast cancers.'”> Of particular note, shear
wave elastography (SWE) was used to detect the change of
tumor elastic modulus during the course of treatments and a
linear correlation between tumor stiffness and antitumor
efficacy was established, rendering tumor stiffness a potential
mechanical biomarker for predicting therapeutic effects and
responses to ICB immunotherapies.'’® While these studies
revealed the impacts of tranilast or tranilast-micelles on the
TMME, their effects on the tumor immune microenvironment
and the mechanism by which TMME normalization affects
effector CD8" T cells still need further investigations.

Matrix metalloproteinases (MMPs) that are highly expressed
by macrophages have also been used to mediate the TMME.
An elegant study was performed by Yang et al., who prepared
metformin-loaded mannose-modified macrophage-derived
microparticles (Met@Man-MPs) to specifically target M2 TAMs
and repolarize them to M1 phenotype.'”” It was demonstrated
that Met@Man-MP-mediated reeducation of TAMs remodeled
the tumor immune microenvironment by promoting the infil-
tration of effector CD8" T cells into tumor parenchyma and
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inhibiting the recruitment of immunosuppressive immune
cells, such as myeloid-derived suppressor cells and regulatory
T cells. By degrading collagen to increase the infiltration of
effector CD8" T cells and tumor accumulation of PD-1 anti-
body, the MMPs (including MMP9 and MMP14 proteins) on
the surfaces of Met@Man-MPs further amplified the antitu-
mor immunity (Table 3). As a consequence, Met@Man-MPs
and PD-1 antibody collectively induced robust and long-lasting
antitumor immune effects not only in rodent tumor models
but also in organotypic slices of HCC patient-derived tumor.
However, the effects of Met@Man-MPs on tumor mechanical
properties, including mechanical stiffness, solid stress and
IFP, remain to be studied in the future.

Concluding remarks

Regulating tumor mechanical properties with nanomedicine
for augmented cancer therapy is at an initial stage of compre-
hension. Although some progress has been made, as summar-
ized in Fig. 2 and Table 3, there are numerous fundamental
challenges and opportunities ahead.

First, a risk of promoting cancer progression exists in regu-
lating the TMME for cancer therapy. Although losartan in com-
bination with FOLFIRINOX and chemoradiotherapy has
achieved success for patients with locally advanced pancreatic
cancers in a phase II clinical trial,"*° mixed clinical outcomes
were observed in PEGPH20 for PDAC patients in phase II and
phase III trials."?”"**® Therefore, this risk cannot be ignored.
While tumor tissues are usually stiff, cancer cells derived from
patients and mice are soft.°"*® Highly tumorigenic CSC-like
tumor repopulating cells, as selected and enriched by 3D soft
fibrin gels, are even softer relative to conventional cancer
cells."”® Cancer cells adopt their mechanical properties for
invasion and metastasis.’”®*®® Therefore, a holistic approach
should be undertaken in regulating tumor mechanics for
enhanced cancer therapy. One unique advantage of nanomedi-
cines is that nanocarriers can simultaneously deliver two or
more antitumor drugs with different mechanisms of action. As
such, encapsulating two active ingredients, one for regulating
the TMME and the other for eliminating cancer cells, within
single nanocarrier holds significant promise for cancer
therapy.'®!

Second, of the eight classes of nanomedicines (Doxil, epiru-
bicin-micelles, tranilast-micelles, Met@Man-MPs, FDINs, CHI,
mP, and UNPSs) discussed above, Doxil has been applied in
the clinic for more than thirty years. The antitumor efficacy of
repurposing Doxil for metronomic therapy still needs to be
evaluated in prospective clinical trials. While epirubicin-
micelles have been tested in phase I/II clinical trial
(NCT03168061) and tranilast has been prescribed for patients
in the clinic, the clinical translation of tranilast-micelles faces
numerous obstacles. Establishing the standards for tranilast-
micelle constitution and content, tranilast-micelle size distri-
bution, mean diameter and long-term stability, and drug
encapsulation efficiency and loading content in a Good
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Manufacturing Practice of Medical Products (GMP) production
department is essential. Although tumor cell-derived micropar-
ticles (MPs) have achieved successes in lung cancer patients
with metastatic malignant pleural effusion (MPE) and in
patients with obstructive extrahepatic
cholangiocarcinoma'®>'®* and been applied clinically in eight
provinces or municipalities of China, Met@Man-MPs have not
been evaluated in clinical settings. Indeed, replacing cell
resources for MP fabrication is a big issue. Therefore,
Met@Man-MPs are at an initial stage of clinical translation.
HES is a semisynthetic polysaccharide, exhibits good manufac-
ture practice, biocompatibility and biodegradability, and has
been used as a clinical plasma substitute for more than fifty
years.'®* However, chemical reactions have been performed on
HES to obtain HES-based smart nanomedicines, such as
FDINs and CHI. Therefore, the clinical translations of FDINs
and CHI are also at an initial stage. Numerous challenges,
including scale-up of production, quality control, and regu-
lations, lie ahead. From a translational perspective, Doxil, epir-
ubicin-micelles, tranilast-micelles, Met@Man-MPs, FDINSs,
and CHI have advantages over mesoporous polydopamine
(mP) and upconversion nanophotosensitizers (UNPSs) in
terms of biocompatibility and biodegradability.

Third, the interplay among solid stress, mechanical
stiffness and IFP remains to be studied. While cancer cells,
CAFs and ECM components are recognized as the origins of
the abnormal mechanical properties, the key determinants for
accumulated solid stress, enhanced mechanical stiffness and
elevated interstitial fluid pressure are largely unknown. In
some previous studies,?”>%132175177 the changes in collagen I,
fibronectin and HA have been documented. Such variations
have been used to account for the reduction of solid stress,
mechanical stiffness and IFP. However, these studies fail to
delve into the underlying mechanisms. While collagen fibers
are identified to resist tensile loads and HA mainly withstands
compression,® their contributions in solid stress, mechanical
stiffness and IFP are unclear. Numerous hydrogel micro-
spheres have been prepared to probe the forces and stress
fields generated by cells within 3D ECM."®>'#® In one seminal
study, a hydrogel microsphere-based magnetic microrobot was
designed to quantify both forces and stiffness of tumor colo-
nies.'® Although these hydrogel-based microspheres are
promising, they are difficult to use for characterizing aberrant
mechanical properties in tumor tissues in vivo. Nanoparticles
are well known for easy modification and versatile functional-
ities. It would be interesting to prepare theranostic nanomedi-
cines that are capable of modulating and quantifying the
TMME at the same time in tumor tissues. Constructing such
multifunctional theranostic nanomedicines will not only help
delineate the abnormal tumor mechanical microenvironment,
but more importantly will yield efficient cancer therapy.
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