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Abstract 

Immune checkpoint therapies have spearheaded drug innovation over the last decade, propelling cancer treatments 
toward a new era of precision therapies. Nonetheless, the challenges of low response rates and prevalent drug resist-
ance underscore the imperative for a deeper understanding of the tumor microenvironment (TME) and the pursuit 
of novel targets. Recent findings have revealed the profound impacts of biomechanical forces within the tumor 
microenvironment on immune surveillance and tumor progression in both murine models and clinical settings. Fur-
thermore, the pharmacological or genetic manipulation of mechanical checkpoints, such as PIEZO1, DDR1, YAP/TAZ, 
and TRPV4, has shown remarkable potential in immune activation and eradication of tumors. In this review, we delved 
into the underlying biomechanical mechanisms and the resulting intricate biological meaning in the TME, focusing 
mainly on the extracellular matrix, the stiffness of cancer cells, and immune synapses. We also summarized the meth-
odologies employed for biomechanical research and the potential clinical translation derived from current evidence. 
This comprehensive review of biomechanics will enhance the understanding of the functional role of biomechanical 
forces and provide basic knowledge for the discovery of novel therapeutic targets.

Keywords  Tumor microenvironment, Biomechanics, Biomechanical target, Extracellular matrix, Stiffness

Background
The tumor microenvironment (TME) is a highly struc-
tured ecosystem that encompasses diverse components, 
including tumor cells, heterogeneous immune cells, can-
cer-associated fibroblasts (CAFs), endothelial cells, and 
the extracellular matrix (ECM), all of which are ubiqui-
tously present across various cancers [1–3]. These con-
stituent elements of the TME do not exist as isolated 
entities that function independently; rather, a multitude 
of biochemical signals exist inside and outside the cells 
within the TME, sustaining cell life activities and medi-
ating intra-/inter-cellular communication. By specifically 
targeting the inhibition or activation of tumor-associated 
signaling pathways or genes, it is possible to effectively 
suppress tumor growth and thereby prolong patient sur-
vival [4]. Indeed, targeted therapy has achieved significant 

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Experimental Hematology & Oncology

†Hao Peng, Zheng Chao and Zefeng Wang contributed equally to this work.

*Correspondence:
Zhihua Wang
zhwang_hust@hotmail.com
Jing Wang
11352296@qq.com
Le Li
tjlile2013@163.com
1 Department of Urology, Tongji Hospital, Tongji Medical College, 
Huazhong University of Science and Technology, Wuhan 430300, China
2 The Second Clinical School, Tongji Hospital, Tongji Medical College, 
Huazhong University of Science and Technology, Wuhan 430300, China
3 Department of Urology, Renmin Hospital of Wuhan University, 
Wuhan 430060, China
4 Department of Urology, Qinghai University Affiliated Hospital, Qinghai 
University Medical College, Xining 810001, Qinghai, China
5 Institute of Reproductive Health, Center for Reproductive Medicine, 
Tongji Medical College, Huazhong University of Science and Technology, 
Wuhan 430030, China
6 Taikang Tongji (Wuhan) Hospital, 420060 Wuhan, China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40164-024-00591-7&domain=pdf


Page 2 of 24Peng et al. Experimental Hematology & Oncology            (2025) 14:4 

progress in the realm of pharmacological treatment, 
exemplified by tyrosine kinase inhibitors, mTOR inhibi-
tors, VEGF inhibitors, and immune checkpoint inhibi-
tors targeting PD-1/PD-L1 and CTLA-4 [5–10]. Since 
the early twenty-first century, over 200 targeted therapies 
have been approved by the FDA, profoundly transform-
ing the landscape of cancer treatment and ushering in 
the era of precision oncology [11]. Although existing tar-
geted and immunotherapeutic strategies hold significant 
theoretical potential, they often fail to achieve the antici-
pated improvements in survival rates in clinical practice 
owing to low response rates (RR) and issues related to 
primary or acquired drug resistance [6, 12, 13]. Previous 
studies have attributed these failures to various mecha-
nisms present within the TME, such as T-cell exhaustion, 
hypoxia, fibrosis, metabolic dysregulation, and the nega-
tive regulatory effects of immunosuppressive cells on 
immune responses [14–18]. This has led to the identifi-
cation of several relevant therapeutic targets, which were 

subsequently explored. However, many of these clinical 
trials have failed to prolong survival, indicating that our 
current understanding of the TME may still be limited 
and superficial [19, 20]. Therefore, expanding our under-
standing of the tumor microenvironment and identify-
ing new therapeutic targets from diverse perspectives is 
imperative [21, 22].

Recent evidence indicates that within the various cells 
that comprise the TME, as well as blood vessels, lym-
phatic vessels, and the ECM, not only the transmission 
of biochemical signals but also the influence of mechani-
cal signals generated by the physical properties of these 
components and their interactions exist (Fig. 1) [23]. The 
activation or dysregulation of these biomechanical sig-
nals may play crucial roles in distant tumor metastasis, 
immune evasion, and resistance to targeted therapies 
[24]. For example, a high-stiffness ECM exerts mechani-
cal stimuli on tumor-infiltrating CD8+ T cells. This 
mechanical signal is sensed by the mechanoreceptor 

Fig. 1  The complex mechanical perturbations within the tumor microenvironment. The TME is an intricate ecosystem comprising tumor 
cells, endothelial cells, stromal cells, diverse immune cells, and the extracellular matrix. In this context, the stiffness of cancer cells decreases, 
while the stiffness of the ECM increases, leading to an elevation in IFP. This, in turn, impedes the delivery of nutrients and oxygen, and promotes 
the accumulation of metabolic waste, ultimately obstructing the delivery of anti-cancer drugs to the tumor region. The cancer cells of the primary 
tumor site invade and enter the circulatory system to form CTCs. On the one hand, other cells in the bloodstream protect CTCs from FSS 
by encapsulating them; on the other hand, tumor cells also adjust their own stiffness to adapt to FSS. In addition, FSS also regulates the cell cycle 
of CTCs. Furthermore, the mechanical disturbances within the TME also compromise the infiltration of immune cells and their cytotoxic capabilities 
through inducing immune cell exhausted and unstable immune synapses. TME tumor microenvironment, ECM extracellular matrix, IFP interstitial 
fluid pressure, CTCs circulating cancer cells, FSS fluid shear forces
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Piezo1 on the surface of T cells, which subsequently 
mediates Ca2+ influx and the activation of downstream 
T-cell receptor (TCR) pathways [25]. Through the ampli-
fication of the Piezo1/CaMKII/CREB/Osr2 signaling 
cascade, this process ultimately promotes T-cell exhaus-
tion and resistance to immunotherapy [25]. As a result, 
the inhibition of OSR2 signaling significantly potenti-
ated cancer immunotherapy [25]. These findings provide 
new insights for the treatment of certain hard-textured 
solid tumors, including hepatocellular carcinoma (HCC), 
prostate cancer, and triple-negative breast cancer.

Cells are not merely passive recipients of mechani-
cal forces; rather, they can actively alter their physical 
properties to adapt to the varying stiffness of the ECM 
or transmit different mechanical signals to other cells. 
Cancer cells, as the most heterogeneous cells within 
the TME, can actively adopt a softer phenotype during 
metastasis to reduce physical damage from shear forces 
exerted by blood flow [26, 27]. Upon colonization, they 
can extend pseudopodia and increase their physical 
stiffness to enhance focal adhesion (FA) with the ECM. 
Consequently, integrins, which are key molecules deter-
mining the cytoskeletal architecture of cancer cells, are 
promising targets for the treatment of cancer progression 
[28].

Given the significant role of biomechanics in cancer 
research and the relative unfamiliarity with this emerg-
ing field, this review aims to revisit important advance-
ments over the past few decades. We first introduced the 
variations in tumor cell stiffness and their correspond-
ing effects on cellular fate. We subsequently provide a 
detailed discussion of the interactions among tumor 
cells, immune cells, and the ECM, summarizing prom-
ising therapeutic targets identified in these interactions. 
We also compiled common measurement techniques and 
methodologies for researchers in the field of biomechan-
ics. Finally, we present an overview of current preclinical 
and clinical trials targeting biomechanical pathways for 
clinicians and drug developers.

Variations in the mechanical properties of tumors
Alterations in the stiffness of cancer cells
The diversity of tumor cell stiffness is a significant mani-
festation of cancer heterogeneity. Stiffness refers to the 
ability of an object to resist local pressure-induced defor-
mation. In materials science, stiffness is determined by 
the elastic modulus and topological structure, with the 
elastic modulus typically quantified by Young’s modu-
lus [29]. This quantifies the ratio of the force applied to 
a cell or material (under compression and tension) to the 
resulting strain [29]. Given a constant topological struc-
ture, a higher elastic modulus corresponds to increased 

stiffness. Therefore, in the context of biophysics, the cell 
elastic modulus typically refers to stiffness [30]. Quan 
et al. compared the stiffness of eight types of solid can-
cer cells with that of normal cells and reported that most 
stiffness variations ranged from 20 to 80% [31]. For exam-
ple, the stiffness of breast cancer cells ranges from 0.1 to 
0.4  kPa, whereas normal breast epithelial cells present 
greater stiffness values (0.2–0.9 kPa). The stiffness of var-
ious bladder cancer cells ranges between 0.4 and 5.2 kPa, 
whereas normal bladder cells have significantly greater 
stiffness (10–16 kPa) [31]. Consistent with these findings, 
Lin et al. reported that the stiffness of Ha-RasV12-trans-
formed cells was lower than that of normal cells [32]. 
Kwon et al. measured the stiffness of breast cancer, cervi-
cal cancer, and lung cancer cells, as well as their normal 
counterparts, via atomic force microscopy (AFM) under 
identical conditions [33]. They reported that the stiffness 
of normal cervical cells (Ect 1/E6E7) was 48.8 ± 3.3 kPa, 
whereas the stiffness of cervical cancer cells (HeLa, SiHa, 
and Caski) ranged from 21.1 to 26.7 kPa, exhibiting the 
greatest reduction in stiffness among the three types of 
cancer [33]. These studies consistently suggest that the 
reduction in cell stiffness during the process of carcino-
genesis may be a common phenomenon and that the 
decrease in magnitude of cancer cells is linked to their 
tissue origins, which could inspire new biomechanical-
based approaches for the diagnosis of cancer. In addition 
to the high heterogeneity in stiffness among cancer cells 
from different tissues, variations in stiffness among the 
same type of cancer cells also reflect different stages of 
cellular fate. Mandal et  al. confirmed that a decrease in 
the stiffness of bladder urothelial cells is associated with 
an increase in cancer grade [34]. This may be due to a 
greater proportion of cancer stem cells (CSCs) at higher 
cancer grades, which exhibit lower stiffness than typical 
tumor cells do. Babahosseini et al. reported that the elas-
tic modulus of CSCs derived from a spontaneously trans-
formed mouse ovarian cancer model was reduced by 46, 
61, and 72% compared with that of late-stage tumor cells, 
moderate-grade tumor cells, and normal cells, respec-
tively [35]. Similarly, in breast cancer, colorectal cancer, 
and liver cancer, CSCs also display 20–75% lower stiff-
ness than nonstem cancer cells do [36–38]. However, it 
should be acknowledged that the stiffness of cells meas-
ured under different methods and conditions can vary 
hundreds of times [39]. The differences in measurement 
techniques and conditions complicate the comprehensive 
analysis of the stiffness of cancerous versus normal cells. 
Therefore, it is essential to establish standardized meas-
urement protocols and develop a comprehensive data-
base of stiffness for tumor cell lineages to enhance our 
understanding of the relationship between cancer cell 
stiffness and their cellular states.
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One of the purposes of reducing the stiffness of can-
cer cells is to achieve enhanced invasive capabilities. 
A study involving various ovarian cancer cell lines 
revealed that the migration and invasion abilities of 
cancer cells were inversely proportional to cell stiffness; 
by pharmacologic inhibition of myosin II, both cell 
stiffness and invasive potential could be decreased [40]. 
Increasing the expression of the metastasis suppres-
sor TβRIII/β-glycan can, in turn, similarly increase cell 
stiffness [40]. Similar results have also been reported 
in melanoma, prostate cancer (PCa), and tongue squa-
mous cell carcinoma [41–44]. Palmieri et  al. utilized 
AFM to measure the stiffness of SW 480, a colorectal 
cancer cell line composed of two cell populations: elon-
gated cells and fewer rounded cells [45]. They reported 
that the stiffness of highly metastatic and elongated 
cells (500  Pa) was lower than that of less metastatic 
and rounded cells (1000  Pa) [45]. Given the extensive 
and complex mechanical deformations involved in the 
metastasis of tumor cells, it is generally accepted that 
cells with a lower stiffness exhibit better deformabil-
ity, whereas those with a higher stiffness can generate 
greater local adhesive forces to transmit mechanical 
stimuli. This explains why tumor cells with lower stiff-
ness tend to have greater metastatic potential. Further-
more, the stiffness of tumor cells influences the sites of 
colonization after metastasis. Tang et al. reported that 
breast cancer cells with stiffness greater than that of 
their parental cells exhibited a stronger tendency for 
bone metastasis, whereas breast cancer cells with lower 
stiffness demonstrated a greater tendency for brain 
metastasis, aligning with the lower stiffness of brain tis-
sue [46].

Notably, some controversy remains regarding the 
relationship between the stiffness of tumor cells and 
their invasive capabilities. For example, more invasive 
PCa cell lines (22 RV1, LNCaP, DU 145, and PC 3) do 
not exhibit lower contractility, cell stiffness, or motil-
ity than less metastatic PCa cells do [47, 48]. This find-
ing is consistent with Darling et  al.’s observation that 
there is no significant correlation between stiffness and 
invasiveness in osteosarcoma tumor cells [49]. Conse-
quently, some researchers argue that tumor metastatic 
potential cannot be simply measured by cell stiffness 
alone. The relationship between tumor cell stiffness and 
invasiveness is complex and may involve other mechan-
ical properties that collectively determine the meta-
static capacity of tumor cells. Kashani et  al. proposed 
a novel concept known as the migration index [50]. 
This index calculates the strain energy stored in cells 
of varying volume and stiffness on the basis of contrac-
tility via a mathematical model to ascertain migratory 
ability. According to this model, there exists a critical 

stiffness-to-volume ratio for cells that maximizes the 
migration index [50].

Interestingly, the ability of metastatic tumor cells to 
reduce their stiffness is likely due to a combination of 
both passive and active mechanisms. During cancer 
metastasis, tumor cells are subjected to fluid shear forces 
(FSS) exerted by the interstitial fluid, ascites, lymphatic 
vessels, and blood vessels [51]. Notably, when tumor 
cells traverse the basement membrane barrier, diffuse 
into blood vessels, and become circulating tumor cells 
(CTCs), they may experience an FSS as high as 3000 dyn/
cm2 [52]. FSS can damage the cell membranes of tumor 
cells that are unable to adapt, inducing membrane per-
foration. If these perforations cannot be rapidly repaired, 
the cytoplasmic contents, including ions, ATP, and even 
organelles, leak out through the membrane, leading to 
cell death [53]. Moreover, tumor cells under high FSS 
produce more reactive oxygen species (ROS), which 
increases oxidative stress and contributes to cell mor-
tality [54]. To better survive under such stress, tumor 
cells primarily employ two strategies. On the one hand, 
they can adhere to neutrophils, monocytes, and plate-
lets, with platelets serving as their most important 
"shield" to reduce the direct impact of FSS [55–57]; on 
the other hand, they "soften" themselves to better buffer 
the effects of FSS. This "softening" primarily manifests 
as an increase in surface area, thickening of the cortex, 
and softening of the nucleus [27]. Favero et al. reported 
that T24 bladder cancer cells exhibited a significant 
increase in surface area when induced by FSS at a flow 
rate of 0.03 ml/min under in vitro culture conditions [58]. 
Xu et al. reported that FSS can promote histone acetyla-
tion in CTCs, potentially increasing the nuclear size and 
contributing to nuclear softening [26]. These findings 
indicate that the biomechanical properties of cancer cells 
are not static; rather, they undergo dynamic changes in 
response to varying external environments. Simultane-
ously, changes in the mechanical properties of cancer 
cells are accompanied by alterations in their proliferative 
potential and cell cycle. High shear stress can directly 
decrease the percentage of tumor cells in the G0/G1 
phase while increasing the proportion of cells in the S/
G2 phase by regulating the expression of proteins related 
to the cell cycle and lipid metabolism, thereby inhibiting 
the proliferative potential of cancer cells [59]. This obser-
vation provides a reasonable explanation for how cellular 
biomechanics specifically regulate tumor cell fate.

Alterations in the stiffness of the ECM
The increased stiffness of the ECM is also a significant 
characteristic of the TME. The ECM is a noncellular 
component present in all tumor tissues and is primarily 
composed of water, proteins, and polysaccharides. The 
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ECM can be divided into the basement membrane and 
the stromal matrix. The basement membrane is primar-
ily composed of laminin and collagen, which serve to 
separate epithelial and endothelial cells from the stromal 
matrix [60]. The stromal matrix is mainly composed of 
various proteins, including collagen, elastin, proteogly-
cans, hyaluronic acid (HA), fibronectin, osteopontin, 
and fibrillin, which collectively maintain the mechanical 
integrity of tissues [61]. Proteoglycans provide compres-
sive strength through their glycosaminoglycan chains 
that bind water, whereas collagen types I, III, and V, 
along with fibronectin, serve as the primary proteins for 
forming fibrous structures [60]. These proteins facilitate 
cell adhesion to the ECM and participate in intercel-
lular signaling through the formation of FA [62]. There-
fore, the stiffness of the ECM is primarily determined 
by the concentration, assembly, and crosslinking density 
of these proteins. During cancer progression, the ECM 
undergoes profound remodeling mechanisms, includ-
ing changes in chemical composition, biological modi-
fications, and alterations in physical properties, which 
jointly contribute to the increased stiffness of the ECM 
in the TME [63]. Numerous studies have demonstrated 
that ECM stiffness increases in a wide range of tumors, 
including breast, lung, pancreatic, and brain tumors 
[64–67]. In general, the stiffness of the ECM in cancerous 
tissues is typically 8 to 10 times greater than that in nor-
mal tissues from the same organ [60, 68]. The increased 
quantity and cross-linking of proteins such as collagen 
I/III and glycoproteins in the ECM are significant con-
tributors to increased stiffness [69–71]. Collagen cross-
linking is a multi-step process. Various cells within the 
TME, including fibroblasts, can secrete members of the 
lactate oxidase (LOX) family, which catalyze the oxida-
tive deamination of lysine and hydroxylysine residues, 
facilitating the formation of aldehydes that can spontane-
ously cross-link collagen [72]. Paszek et al. reported that 
increased expression of LOX leads to excessive collagen 
cross-linking, resulting in breast cancer ECM being 5 
to 25 times stiffer than surrounding normal breast tis-
sue [73]. Additionally, CAFs can secrete matrix metallo-
proteinases (MMPs) to remodel the ECM, creating new 
spaces for tumor cell proliferation and metastasis [74]. 
More importantly, the cleavage of the ECM by MMPs can 
also generate molecules that promote tumor progression 
and metastasis [75]. These products can enter the blood-
stream as biomarkers for cancer, potentially serving as 
new tools for the clinical diagnosis of high-risk metastatic 
patients [75]. Increased advanced glycation end products 
(AGEs) can also increase the stiffness of the ECM in can-
cer, further promoting tumor development [76]. Fan et al. 
reported that type 2 diabetes leads to the accumulation of 
AGEs in the ECM of hepatocytes, thereby promoting the 

occurrence, proliferation, and invasion of HCC through 
the integrin-β1–tensin-1–YAP mechanotransductive 
pathway [77]. In addition to changes in the composition 
of the ECM, mechanical stress caused by tumor prolifera-
tion and cell contraction can also stretch or compress the 
ECM, leading to alterations in ECM stiffness [73].

ECMs with varying stiffnesses exert significantly differ-
ent stimuli on tumor cells, thereby regulating their prolif-
eration, autophagy, and metastasis. Wu et al. discovered 
that a stiff ECM can activate the Akt signaling pathway 
in tumor cells, promoting the loading of GTP onto Rab8 
and driving the secretion of extracellular vesicles, which 
in turn activates the Notch pathway in adjacent cancer 
cells, facilitating tumor growth [78]. Zhang et  al. found 
that a stiff ECM can activate the integrin-GSK3β-FTO-
mTOR axis, enhancing tumor cell anabolic metabolism 
through mTORC1 and thereby providing nutrients for 
rapid tumor growth [79]. Conversely, a lack of sufficient 
stimuli from ECM stiffness can induce autophagy and 
metabolic reprogramming in tumor cells, which in turn 
conveys the resilience of tumor cells to anoikis [79]. The 
stiffness of the ECM is also crucial for the formation of 
CSCs. When the stiffness of the CSC niche increases, 
cytoplasmic TAZ in tumor cells is activated by mechani-
cal forces from the microenvironment and translocates 
into the nucleus, where it undergoes phase separation 
with the stem cell transcription factor NANOG, pro-
moting the expression of associated stem cell genes and 
maintaining CSC-related properties [80]. Using this prin-
ciple, culturing tumor cells in fibrin gels with a stiffness 
of approximately 100  Pa can increase the efficiency of 
selecting CSCs [81]. Other ECM components that have 
similar effects include type I collagen and HA, which can 
induce the transition to a CSC phenotype by activating 
integrins or the transforming growth factor-β (TGF-β)-
Snail signaling pathway [82–85].

A stiff ECM can also promote tumor invasion and 
metastasis through mechanisms that induce epithe-
lial‒mesenchymal transition (EMT), independent of 
the promotion of CSC phenotype transformation. EMT 
is the process by which epithelial cells acquire mesen-
chymal characteristics and enhanced motility, along 
with cellular and nuclear deformations, and is often 
considered a prerequisite for the invasion and metas-
tasis of cancer cells [86]. When tumor cells are sub-
jected to mechanical stimuli from a stiff matrix, the 
mechanomediator TWIST1 is released from its cyto-
plasmic binding partner G3BP2 and translocated to 
the nucleus, where it promotes EMT in response to 
increasing matrix stiffness [87]. EMT can downregu-
late the enrichment of ezrin in lamellipodia and reduce 
the formation of lamellipodia in tumor cells, thereby 
transforming tumor epithelial cells into a mesenchymal 
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migratory phenotype and facilitating tumor metastasis 
[88]. Within the stiffness range of 10 kPa, breast cancer 
cells exhibit enhanced adhesion and invasion capabili-
ties as ECM stiffness increases, accompanied by more 
elongated and polarized cell morphologies. However, 
this enhancement peaks at an ECM stiffness of 10 kPa 
and no longer increases beyond that point [50, 89]. 
Interestingly, the maximum stiffness threshold at which 
the ECM promotes tumor cell metastasis varies among 
different types of cancer cells: for PC3 cells, this thresh-
old is 46.7  kPa, whereas for LNCaP cells, it is 0.7  kPa 
[90]. The source of this disparity remains unclear; it 
may be related to the different metastatic patterns 
of tumor cells. Common metastatic patterns involve 
either the migration of individual tumor cells or col-
lective migration in clusters. A relatively high stiffness 
ECM (>10 kPa) stimulates PC3 cells to promote single-
cell metastasis through YAP/TAZ nuclear transloca-
tion, whereas a relatively low stiffness ECM (0.5  kPa) 
induces metastasis via cellular clusters [90].

Biomechanics of antitumor immunity in the TME
Tumor cells, immune cells and immune synapses
Tumor immune responses depend on the formation of 
immune synapses (IS), and mechanical signaling between 
tumor cells and immune cells also occurs through 
this structure. IS is defined as the intercellular contact 
between at least one immune cell and another cell and is 
characterized by protein aggregation in micrometer-scale 
regions (Fig.  2) [91]. Traditionally, the IS in the TME 
consists of two main types: the "stimulatory" IS formed 
between immune cells and antigen-presenting cells 
(APCs) and the "cytotoxic" IS established between CD8+ 
T/NK cells and target cells [92]. This review focuses pri-
marily on the "cytotoxic" IS formed between CD8+ T/NK 
cells and target cells.

The process of IS formation between T cells and tar-
get cells includes adhesion, lytic granule polarization, 
and target disengagement phases [93]. After T cells rec-
ognize antigens, anchor adhesion molecules, undergo 
costimulatory activation and a certain degree of mechan-
ical stimulation, intracellular lytic granules move along 

Fig. 2  Schematic diagram of the immune synapses. The immune synapse is the structural basis for lymphocytes to receive antigen presentation 
and effector functions by secreting lytic granules. The arrow on the right panel indicates the direction of retrograde F-actin flow. dSMAC distal 
supramolecular activation cluster, cSMAC central supramolecular activation cluster, pSMAC peripheral supramolecular activation cluster
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microtubules toward the microtubule organizing center 
(MTOC) and are transported to the central supramolec-
ular activation cluster (cSMAC), which contains antigen 
receptors and associated signaling proteins [94]. Upon 
binding to target cells, T cells form a cytotoxic synapse, 
polarizing lytic granules to the synaptic cleft, where they 
fuse with the cell membrane of the target cell of appro-
priate stiffness, resulting in a perforation effect [95]. The 
formation of cytotoxic IS in NK cells is similar, but gran-
ule release depends on the relative strength of the activat-
ing and inhibitory signals within the IS. When activating 
signals dominate, NK cells undergo MTOC polarization, 
leading to subsequent degranulation. Conversely, when 
inhibitory signals prevail, MTOC polarization is hin-
dered, preventing degranulation [96]. However, tumor 
cells can evade direct killing and achieve immune escape 
by remodeling their cytoskeleton and reducing their 
cell stiffness through decreased contractility of actin II, 
thereby inhibiting the normal formation of CD8+ T/NK 
IS [97–99]. Additionally, tumor cells can adjust the cyto-
toxic effects of CD8+ T/NK cells by altering the cytoskel-
etal and membrane dynamics within tumor cells. For 
example, treating melanoma cells with cytochalasin D to 
reduce Filamentous actin (F-actin) significantly decreases 
the release of granzyme B from cocultured CD8+ T cells 
[99]. Similarly, gene knockout of ACAT1, which reduces 
cholesterol levels in tumor cell membranes, can signifi-
cantly decrease cancer cell stiffness, thereby inhibiting 
T-cell-mediated cytotoxicity [100]. Mechanical stimu-
lation of tumor cells by CD8+ T/NK cells activates the 
mechanoreceptor PIEZO1 on their surface, mediating 
the remodeling of their intracellular cytoskeleton and 
thus modulating their cytotoxic functions [101]. Some 
metabolites present in the tumor microenvironment, 
such as lysophosphatidic acid, can also disrupt IS forma-
tion by impairing F-actin accumulation in CD8+ T cells 
and altering microtubule dynamics, allowing tumor cells 
to evade death [102]. In summary, the IS plays a crucial 
role in tumor immunology. However, our understand-
ing of the relationship between the IS and biomechanics, 
particularly how cytoskeletal components such as actin 
and microtubules contribute to IS formation, remains 
limited and requires further investigation. Additionally, 
the effects of other membrane factors, such as various 
membrane proteins and lipids, on IS formation are not 
fully understood, highlighting the need for more research 
to address key issues regarding IS and their interactions 
with anticancer immunity.

ECM stiffness and immune cells
The ECM significantly influences immune cell func-
tion. Historically, this influence was thought to stem 
primarily from biochemical factors such as metabolism 

and hypoxia within the ECM [103]. However, recent 
studies have shown that the physical properties of the 
ECM are also crucial to the functionality of immune 
cells. As early as 2012, researchers discovered that 
hydrogels with higher stiffness stimulated greater pro-
liferation and activation of T cells, including CD4+ and 
CD8+ T cells [104–107]. The use of these more stimu-
lated and activated CD8+ T cells for adoptive transfer 
immunotherapy significantly extends the survival of 
tumor-bearing mice [107]. Nevertheless, there are dis-
crepancies between in  vitro experiments using ECM-
mimicking hydrogels and in  vivo experiments. Zhang 
et  al. found that increased stiffness of the ECM in 
advanced HCC activated the mechanoreceptor Piezo1 
on T cells, promoting Ca2+ influx and enhancing CD8+ 
T-cell exhaustion through the CaMKII/CREB/Osr2 
axis, ultimately limiting the efficacy of immunotherapy 
[25]. These seemingly contradictory findings may pro-
vide a plausible explanation: the impact of mechanical 
stimulation on T-cell function may resemble that of 
antigen stimulation, where a certain degree of short-
term mechanical stimulation is necessary and beneficial 
for T-cell activation. However, prolonged high-inten-
sity mechanical stimulation can lead T cells to enter 
an exhausted state prematurely, which is detrimen-
tal to antitumor immunity [108]. In addition to direct 
mechanical signaling, a stiff ECM can obstruct the 
delivery of oxygen and nutrients by compressing blood 
vessels and lymphatics within tumors while impeding 
waste clearance, leading to a metabolic environment 
characterized by hypoxia and lactic acid accumulation, 
which mediate T-cell dysfunction [63]. As previously 
mentioned, the increased stiffness of the ECM primar-
ily arises from densely interconnected collagen. These 
tightly arranged barriers significantly inhibit the infil-
tration of CD8+ T cells, resulting in a "desert-like" infil-
trative phenotype in the TME, which further promotes 
the failure of targeted immunotherapy against CD8+ T 
cells [109–111].

Similar to that of T cells, the antitumor function of NK 
cells also requires a certain degree of stiffness stimulation 
from the ECM. Within the range of 2–50 kPa, increasing 
ECM stiffness enhances NK cell activity and promotes the 
formation of stable IS with target cells, thereby increasing 
NK cell degranulation activity [97]. In contrast, soft ECM 
inhibits the polarization of the MTOC, granule polari-
zation, and F-actin accumulation, leading to the forma-
tion of unstable IS between NK cells and tumor target 
cells, resulting in reduced degranulation [97]. Notably, 
the increased immune activity of NK cells in response to 
mechanical stimulation from the ECM results in a "bell-
shaped" response, and only a subset of the NK cell popu-
lation can respond to changes in stiffness [112].
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The stiffness of the ECM also affects the migration 
patterns and inflammatory (M1 or M2) phenotypes of 
macrophages. Sridharan and colleagues reported that 
high-stiffness polyacrylamide gels (323  kPa) promote a 
pro-inflammatory macrophage phenotype, whereas soft 
(11  kPa) and moderately stiff (88  kPa) polyacrylamide 
gels induce an anti-inflammatory phenotype [113]. This 
may be due to high-stiffness polyacrylamide gels acti-
vating Piezo1-mediated Ca2⁺ influx, which subsequently 
activates the downstream NF-κB and STAT6 signaling 
pathways, mediating the formation of the pro-inflamma-
tory phenotype in macrophages [114]. Interestingly, 3D 
collagen-rich environments promote M2 polarization 
of macrophages and enhance their immunosuppressive 
phenotype, thereby reducing the efficiency of attract-
ing cytotoxic T cells and increasing the ability to inhibit 
T-cell proliferation [115]. Under a stiff ECM, tumor-asso-
ciated macrophages can also consume arginine, synthe-
size proline, and secrete ornithine, which suppresses the 
function of CD8⁺ T cells [116]. These macrophages can 
further promote tumor metastasis by stimulating stromal 
cells to overexpress lysyl hydroxylase and LOX, mediat-
ing collagen cross-linking and increasing the stiffness of 
the ECM [117]. These seemingly contradictory results 
may arise from differences in matrix materials and cul-
ture models (3D vs. 2D), suggesting that simple in vitro 
hydrogel models may not be ideal for studying the bio-
mechanics of the TME.

In summary, the impact of ECM stiffness on tumor 
immune responses is highly complex and may depend on 
the cumulative effects of its promotion or inhibition of 
different immune cell functions. However, most evidence 
supporting the notion that increased matrix stiffness 
enhances immune responses comes from in vitro experi-
ments, which contradicts the observation of immune 
suppression mediated by increased ECM stiffness in the 
TME. These findings suggest that the rigid materials cur-
rently used in vitro are still far from accurately represent-
ative of the true TME, highlighting the need for further 
development of new models to explore the relationship 
between ECM stiffness and tumor immunity.

Mechanisms of mechano‑transduction in the TME
Extracellular mechanical stimuli are first transmitted to 
mechanoreceptors on the cell surface, including integ-
rins, discoidin domain receptors (DDR), and ion channels 
(including the PIEZO family of mechanically activated 
cation channels and TRPV4) (Fig.  3) [118]. Through a 
series of adaptor proteins and second messengers, these 
physical cues are subsequently translated into biochemi-
cal signals, inducing intracellular events such as Ca2+ 
influx, cytoskeletal rearrangement, and transcriptional 
regulation [119–122]. These biomechanical signals 

ultimately exert significant effects on tumor cell invasion 
and metastasis, as do interactions between tumor cells, 
immune cells, and the ECM.

Cellular mechanoreceptors
Integrins are widely distributed on the surfaces of tumor 
cells, immune cells, and fibroblasts, serving both as 
molecular switches for mechanosensing and as bidirec-
tional gateways for signal transduction. They represent 
a crucial interface for the interaction between cells and 
their surrounding environment [123]. The integrin family 
comprises numerous molecules, each of which activates 
diverse signals and performs various functions. These 
functions primarily include (1) mediating cell adhesion 
through the recruitment of adaptor proteins such as vin-
culin, talin, and focal adhesion proteins [119]; and (2) 
receiving mechanical signals that activate downstream 
CDC42-Rho signaling pathways, thereby remodeling 
cytoskeletal dynamics [124, 125]. Consequently, integrin 
signaling can drive multiple functions of CSCs, includ-
ing tumor initiation, epithelial plasticity, metastatic reac-
tivation, and resistance to immunotherapeutic targeting 
[123, 126, 127].

DDRs are located primarily on the surface of tumor 
cells and represent a unique class of receptor tyrosine 
kinases (RTKs) that can bind to collagen fibers and sense 
mechanical forces, mainly DDR1 and DDR2 [128]. Their 
primary function is to sense the stiffness of the ECM, 
forming a positive feedback loop that amplifies the rel-
evant mechanotransduction signals, thereby promoting 
ECM remodeling and enhancing ECM fibrosis, which in 
turn inhibits T-cell immune infiltration [121].

Piezo1 has emerged as the most important mechano-
sensitive receptor for T-cell mechanosensing in recent 
years [129]. When mechanical forces are transmitted 
to the T-cell membrane, they increase membrane ten-
sion, which subsequently leads to significant increases 
in membrane curvature and cross-sectional area, stimu-
lating further opening of the non-selective cation chan-
nels Piezo1/2 [130]. Activation of Piezo1 is considered 
a necessary prerequisite for T-cell activation; however, 
sustained excessive activation of Piezo1 can mediate 
overactivation of T-cell OSR2 transcriptional activity and 
inhibit the secretion of cytokines such as IFN-γ and Prf1, 
ultimately leading T cells to adopt an exhausted pheno-
type [25, 108].

TRPV4 is another important mechanosensitive chan-
nel that relies on Ca2⁺ influx, and it is widely expressed 
on the surfaces of tumor cells and immune cells [131–
133]. However, its effects on tumor cell proliferation and 
metastasis, as well as its influence on immune cell func-
tions, have not yet yielded consistent conclusions. Future 
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research is needed to explore the role of TRPV4 in the 
TME.

Mechano‑transduction signaling and effects
Although the specific downstream signaling pathways 
activated by different mechanosensitive receptors vary, 
they primarily include cascades that mediate Ca2⁺ influx 
and/or trigger downstream kinases, such as RhoA GTP-
PAK-ROCK (integrins), RTK-MLCK (DDR), and CaM-
KII-MLCK (Piezo1) [121, 122, 134]. Subsequently, the 
activated kinases promote or inhibit the activity of tran-
scription factors, ultimately participating in the mainte-
nance of tumor stemness, proliferation, metastasis, and 
interactions with immune cells within the TME. In this 
process, cytoskeletal remodeling plays a central role. On 
the one hand, the cytoskeleton can transmit extracellu-
lar physical stimuli directly to the nucleus by connect-
ing one end to adhesion structures on the cell membrane 
and the other end to the nuclear lamin proteins A/C 

[135]. Significant remodeling of the cytoskeleton strongly 
affects the efficiency of mechanical signal transduction 
and ultimately influences transcriptional stimulation 
within the nucleus. Among the most important tran-
scription factors directly influenced by the cytoskeleton 
identified thus far are YAP/TAZ and OSR2 [25, 135]. On 
the other hand, the cytoskeleton is a crucial component 
for maintaining the three-dimensional architecture of the 
cell. Changes in the cytoskeleton due to remodeling can 
directly lead to alterations in cell morphology and physi-
cal properties, thereby affecting cell stemness and meta-
static potential [135].

Methods and techniques for biomechanical 
research
Importantly, biomechanics, as an interdisciplinary field, 
has made significant advancements driven by the devel-
opment and improvement of interdisciplinary technolo-
gies and methodologies from fields such as biophysics 

Fig. 3  Overview of cellular mechanotransduction pathways. Mechanical force or a stiff ECM stimulates membrane mechanoreceptors, triggering 
a cascade of downstream reactions: (i) Activated integrins anchor to the ECM, forming focal adhesions and recruiting FAK and SRC to form 
a complex that activates the Rho protein family, thereby altering the disassembly and assembly of actin filaments. The polymerization of F-actin 
reduces the availability of G-actin, decreasing its binding to MRTFA. MRTFA then translocates to the nucleus and co-participates with SRF in gene 
transcription; (ii) Phosphorylated and activated DDR interacts with MLCK, thereby activating myosin; (iii) The cation channels TRPV4 and Piezo1 are 
activated by mechanical stimuli, promoting Ca2+ influx; (iv) The unphosphorylated YAP/TAZ translocates to the nucleus, where it binds to the TEAD 
family members to form a functional transcriptional complex, promoting the expression of downstream genes; (v) The cytoskeleton can transmit 
extracellular physical stimuli directly to the nucleus by connecting one end to adhesion structures on the cell membrane and the other end 
to the nuclear lamin proteins A/C through the LINC complex. ECM extracellular matrix, LINC the linker of nucleoskeleton and cytoskeleton complex
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and biochemistry [136, 137]. Over the past decade, tech-
nologies such as single-molecule force measurements 
and microimaging have enabled us to overcome the limi-
tations of cellular-level studies, providing deeper insights 
into how mechanics broadly and profoundly participate 
in or govern biological activities at the subcellular level 
(Table 1; Fig. 4) [138–148]. For example, Duan and col-
leagues developed a double-stranded DNA (dsDNA) 
probe modified with specific ligands for cellular mecha-
noreceptors [149]. When cells are seeded onto surfaces 
coated with these dsDNA probes, surface receptors such 
as integrins bind to the ligands on the double helix and 
apply force. Forces exceeding the mechanical tolerance of 
the double helix lead to its rupture, exposing the activa-
tor (the bottom strand), which triggers the endonuclease 
activity of Cas12a and cleaves the fluorescent single-
stranded DNA reporter gene, resulting in the emission 
of a fluorescent signal. DNA-based probes also include 
the recently reported ForceChrono, which overcomes 
the limitations of in vitro single-molecule force spectros-
copy by enabling direct measurements of single-molecule 
force magnitude, duration, and loading rates in dynamic 
cellular environments [150]. Using this technique, Hu 
et al. successfully measured integrin force loading rates of 
0.5–2  pN/s and durations ranging from tens of seconds 
in nascent adhesions to approximately 100  s in mature 
focal adhesions [150]. However, there are currently no 
DNA-based probes capable of measuring single-molecule 
forces in cells within living animals or even in humans, 
which remains a major research direction in the field. In 
addition, dynamic super-resolution imaging technologies 
combined with specific fluorescent dyes enable research-
ers to monitor real-time forces corresponding to various 
biological activities [151, 152]. In addition, embedded 
single-molecule force manipulation techniques allow for 
the active and precise application of different magnitudes 
of force, facilitating the observation of different biological 
phenomena induced by varying mechanical stimuli [153]. 
In the future, artificial intelligence and machine learning 
are expected to enhance measurements of biomechan-
ics. In fact, there have been attempts to construct mod-
els capable of predicting force magnitudes on the basis 
of machine learning results from images of cytoskel-
etal proteins, given the close relationship between the 
cytoskeleton and cellular mechanical properties [154]. 
However, limitations in the understanding of cytoskeletal 
proteins, insufficient resolution of captured images, and 
outdated algorithms in artificial intelligence models have 
all become key constraints on the practical application of 
this technology.

We have previously discussed the significant role of 
the ECM in biomechanical research within the TME. To 
simplify models, researchers have developed hydrogels 

to simulate the ECM accurately [155]. Hydrogels consist 
of a three-dimensional network of hydrophilic polymers 
characterized by high swelling capacity, flexibility, and 
biocompatibility. They can be designed to possess vary-
ing mechanical and biochemical properties by modify-
ing their functional groups or incorporating natural 
polymers. Among these, polydimethylsiloxane and poly-
acrylamide hydrogels are two widely used matrices for 
simulating the ECM [155, 156]. Researchers often modify 
hydrogels according to their specific research objectives, 
such as employing micropatterning to create precise 
and intricate patterns at the micro- or nanometer level 
to study the stimulation of mechanical forces from the 
ECM on tumor cells [157]. In addition, the use of force-
deformable spherical hydrogel particles allows for the 
calculation of traction forces on the basis of changes in 
the shape of the particles [158]. Vorselen et  al. success-
fully utilized this technique to measure dynamic traction 
forces during the phagocytosis process and when IS with 
cytotoxic T cells are formed [158].

In addition to cellular measurements, techniques for 
assessing tissue stiffness have also been developed. Pulsed 
stimulated Brillouin microscopy enables high-sensitivity 
elastic imaging of living and delicate biological samples 
[159]. Ultrasound elastography and magnetic resonance 
elastography have been employed as non-invasive quan-
titative imaging techniques for the clinical assessment of 
soft tissue elasticity and structure (Fig.  5). These meth-
ods can be used to monitor diseases with significant stiff-
ness changes, such as liver fibrosis and prostate tumors 
[160–162]. Direct measurements through elastic imag-
ing have revealed that matrix stiffness is associated with 
poorer pathological complete response (CR) and reduced 
disease-free survival [163]. However, the biomechani-
cal measurement techniques currently applied in clini-
cal practice remain in their infancy. This is partly due 
to the absence of established mechanical indicators that 
are linked to tumor diagnosis, grading, and prognosis. 
Additionally, the complexity of human tumors and the 
challenges associated with developing relevant technolo-
gies necessitate further exploration in the field of tumor 
biomechanics.

Clinical implications from biomechanics in the TME
Pre‑clinical evidence
As previously mentioned, the stiffness of tumor cells is 
crucial for their stemness, metastasis, and correspond-
ing tumor immune responses. Therefore, increasing the 
stiffness of cancer cells may represent an effective thera-
peutic strategy (Fig. 5). The stiffness of cells is primarily 
maintained by the cytoskeleton, which includes microtu-
bules, microfilaments, and intermediate filaments. It has 
been shown that overexpressing MRTFs can effectively 
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increase the density of microfilaments in tumor cells, 
thereby increasing cancer cell stiffness [98]; however, 
specific agonists for this target have yet to be identified. 
Currently, several drugs, including jasplakin, 4-hydroxy-
acetophenone, nocodazole, and salinomycin, have been 
shown to increase actin polymerization and the stiffness 
of cancer cells. Multiple studies have shown that cancer 
cell migration and invasion are significantly inhibited 

after treatment with these drugs [99, 164–166]. However, 
the existing evidence has been derived primarily from 
in  vitro cell experiments, and these drugs can also sig-
nificantly impair the functions of immune cells, stromal 
cells, and other normal cells, which limits their clinical 
application. Chemotherapy is one of the most common 
treatment methods for tumors, and microtubule-target-
ing agents (MTAs), such as paclitaxel, are widely used as 

Fig. 4  The timeline of important techniques in biomechanical research

Fig. 5  Diagnosis and treatment based on the mechanical characteristics of tumor and immune cells. Magnetic resonance and ultrasound 
elastography can help detect changes in tumor stiffness. Enhancing the stability of the immune synapse and tumor cell stiffening can improve 
the efficacy of tumor immunotherapy. Remodeling the ECM and the use of novel matrix materials can facilitate immune cell infiltration and drug 
release. Combination therapy targeting mechanosensors can improve tumor prognosis. ECM extracellular matrix
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chemotherapeutic drugs [167]. The anticancer mecha-
nisms of MTAs have focused mainly on their ability to 
disrupt cancer cell mitosis, thereby inhibiting tumor 
cell proliferation. Recently, it was discovered that they 
can also significantly increase cancer cell stiffness and 
enhance Piezo2 signaling responses [167, 168]. Kaffas 
et  al. utilized low-frequency shear modulus measure-
ments and reported that the viscous modulus of cancer 
cells significantly increased after paclitaxel treatment 
[169]. This leads to impairments in cancer cell migra-
tion and polarization, as well as their ability to adapt to 
the ECM [170]. However, further in-depth research is 
needed to better leverage the effects of MTAs in enhanc-
ing anticancer efficacy while mitigating the side effects of 
chemotherapy.

Reducing the cholesterol content in tumor cell mem-
branes represents another efficacious strategy for cancer 
cell suppression [100, 171, 172]. Methyl-β-cyclodextrin, 
a targeted cholesterol-depleting agent, has been exten-
sively evaluated across various neoplasms and has been 
shown to enhance antitumor immunity by increasing 
cancer cell stiffness [100, 173]. Furthermore, graphdiyne 
oxide-mediated photodynamic therapy (PDT) can also 
increase tumor cell stiffness by eliminating ROS and 
reducing membrane cholesterol accumulation, thereby 
potentiating T-cell immunological responses [174].

Given that increased ECM stiffness within the TME 
significantly contributes to tumor metastasis and immu-
nosuppression, reducing ECM rigidity has emerged as a 
promising therapeutic approach. LOX, a crucial enzyme 
facilitating collagen formation and ECM stiffening, has 
been extensively validated as a significant therapeutic 
target for enhancing both the efficacy of chemotherapy 
and PD-1 blockade [110, 175]. Liu et  al. demonstrated 
that TGF-β inhibition reduces type I collagen levels and 
normalizes the ECM, thereby enhancing TME penetra-
tion of small-molecule chemotherapeutics and nano-
medicines [176]. Additionally, the use of a collagozome, a 
100 nm liposomal formulation encapsulating collagenase 
that directly targets and degrades collagen, could reduce 
pancreatic tumor desmoplasia and enhance paclitaxel 
penetration, thus improving chemotherapeutic outcomes 
[177].

Mechanoreceptors, which serve as crucial intermediar-
ies between ECM stimuli and tumor/immune cells in the 
TME, present novel therapeutic opportunities through 
their ability to suppress tumor proliferation and metasta-
sis and enhance immune infiltration. DDR1/2 inhibition 
augments CD4+ and CD8+ T-cell infiltration through the 
suppression of IL-18 synthesis while reducing ECM stiff-
ness, thereby prolonging the survival of tumor-bearing 
mice [178, 179]. Both HCC and glioblastoma models have 
validated the efficacy of Piezo1 blockade in promoting 

antitumor immunity and attenuating tumor progression 
[25, 180]. TRPV4, a mechanosensitive receptor whose 
oncological implications remain incompletely under-
stood, requires further investigation to fully comprehend 
its functional significance. Interested readers can read 
two exemplary reviews that comprehensively delineate 
the therapeutic applications and clinical trials of TRPV4 
antagonists and agonists in oncological interventions [63, 
181]. Integrins are considered important targets in tumor 
therapy. In another review, Liu et al. summarized existing 
animal experiments and clinical studies that target integ-
rins [182]. In animal models, integrin activation induces 
downstream signaling pathways, such as Src, Syk, ALK, 
PI3K, ERK, and FAK, which contribute to tumor resist-
ance to chemotherapy, radiotherapy, and molecularly 
targeted therapies. The use of integrin inhibitors can 
overcome or delay resistance [182]. Furthermore, target-
ing integrins has demonstrated significant potential in 
combination immunotherapies, such as immune check-
point blockade, Chimeric antigen receptor T-cell (CAR-
T) immunotherapy, and oncolytic viruses [182, 183].

YAP/TAZ is one of the most extensively pursued bio-
mechanical targets in clinical drug development. Over 
50 compounds have been reported to inhibit YAP/TAZ 
activity [184, 185]; however, current drugs targeting YAP/
TAZ fail to address a critical challenge: how to inhibit 
biomechanical signals regulated by YAP/TAZ without 
adversely affecting other cellular activities. Consequently, 
issues such as nephrotoxicity, lack of specificity, and dif-
ficulty in identifying patients responsive to YAP/TAZ 
inhibitors have limited their clinical application [185].

Clinical trials
Integrins are currently the most established biomechani-
cal targets in cancer therapy (Table  2).Cilengitide is a 
potent and selective inhibitor of the α5β3 and α5β5 inte-
grin receptors. A phase I clinical study examining the 
combination of cilengitide with chemotherapy for the 
treatment of non-small cell lung cancer demonstrated an 
acceptable toxicity profile and encouraging clinical out-
comes [186]. Similar results were observed in a phase I 
clinical trial investigating cilengitide in combination with 
paclitaxel for solid tumors [187]. However, a phase III 
clinical trial evaluating cilengitide, temozolomide, and 
radiotherapy in patients with MGMT promoter-meth-
ylated glioblastoma did not show any benefit compared 
with the control group [188]. This may be attributed to 
the dual roles of integrins in tumor progression and 
the compensatory effects among different integrins. 
Therefore, before selecting integrin-targeted therapy 
for cancer, comprehensive analyses of next-generation 
sequencing, transcriptomic sequencing, and proteomic 
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data are necessary to identify patients suitable for integ-
rin-targeted therapies [182].

Owing to a relatively superficial understanding of 
the biomechanics within the TME, the development of 
related therapeutic targets remains insufficient. Cur-
rently, clinical trials based on biomechanical targets 
except integrins predominantly consist of Phase I and 
Phase II studies (Table  3). Two clinical trials targeting 
LOX2 have been reported, including the combination of 
sintilimab with gemcitabine for the treatment of meta-
static pancreatic cancer and sintilimab combined with 
5-fluorouracil, leucovorin, and irinotecan for the treat-
ment of metastatic KRAS-mutant colorectal cancer; nei-
ther has improved the clinical outcomes of patients [189, 
190]. Treatment regimens targeting CAFs have demon-
strated promising RR in phase I clinical trials for mela-
noma and squamous cell carcinoma, as well as in a phase 
Ib trial for advanced renal cell carcinoma [191, 192]. 
However, no survival benefits were observed in phase 
II trials for advanced colorectal cancer or phase I trials 
for pancreatic cancer [193, 194]. Other comprehensive 
reviews have summarized strategies targeting CAFs and 
current research efforts in detail [195, 196]. In summary, 
targeting CAFs has the potential to achieve some success 
in solid tumors of specific cancer types, but further evi-
dence from clinical trials is still needed. Currently, clini-
cal trials targeting YAP/TAZ have focused primarily on 
their toxic side effects and safety and have demonstrated 
minimal toxicity in various solid tumor studies. How-
ever, compared with control therapy, PDT involving the 
targeted drug verteporfin did not provide survival ben-
efits [197, 198]. This may be attributed to compensa-
tory mechanisms from other biomechanical signaling 
pathways.

Concluding remarks
With the continuous advancements in interdisciplinary 
technologies such as biophysics and biochemistry, our 
understanding of the TME is being refined. Over the 
past decade, we have gradually recognized that the bio-
mechanical characteristics of the TME represent a new 
hallmark of cancer. The varying stiffness of tumor cells 
reflects their different states and fates: low stiffness 
is associated with enhanced metastatic potential and 
stemness, whereas high stiffness indicates increased colo-
nization ability and proliferative potential of tumor cells. 
Tumor cells within the TME do not exist in isolation; they 
constantly engage in "physical signaling" communication 
with the ECM and other stromal and immune cells. These 
signals trigger the activation of mechanical receptors, 
which subsequently activate downstream signaling path-
ways and actively remodel their own and ECM stiffness, 
leading to diverse immune responses. Soft tumor cells 

are rarely involved in these biomechanical pathways, thus 
evading immune destruction and facilitating invasion 
and metastasis. Conversely, a stiff ECM can accelerate the 
exhaustion of T and NK cells, limit their infiltration, and 
promote invasion and metastasis by mediating EMT in 
tumor cells. Although targeting these mechanoreceptors 
and associated signaling pathways has shown promising 
anticancer effects in preclinical models, more robust evi-
dence from clinical trials is needed to substantiate their 
efficacy. In summary, research on the biomechanics of 
the TME is currently limited by insufficient technologi-
cal methods and is still in its infancy. Both fundamental 
research and clinical trials should progress concurrently 
to break new ground in cancer research and inspire novel 
therapeutic strategies.
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TCR​	� T cell receptor
TGF-β	� Transforming growth factor-β
TME	� Tumor microenvironments
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