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Abstract

HCC, the most common type of primary liver cancer, is a leading cause of cancer-

related mortality worldwide. Although the advancement of immunotherapies by

immune checkpoint inhibitors (ICIs) that target programmed cell death 1 or

programmed cell death 1-ligand 1 has revolutionized the treatment for HCC, the

majority is still not beneficial. Accumulating evidence has pointed out that the potent

immunosuppressive tumor microenvironment in HCC poses a great challenge to

ICI therapeutic efficacy. As a key component in tumor microenvironment, tumor-

associated macrophages (TAMs) play vital roles in HCC development, progres-

sion, and ICI low responsiveness. Mechanistically, TAM can promote cancer

invasion and metastasis, angiogenesis, epithelial-mesenchymal transition, main-

tenance of stemness, andmost importantly, immunosuppression. Targeting TAMs,

therefore, represents an opportunity to enhance the ICI therapeutic efficacy in

patients with HCC. While previous research has primarily focused on biochemical

cues influencing macrophages, emerging evidence highlights the critical role of

biophysical signals, such as substrate stiffness, topography, and external forces. In

this review, we summarize the influence of biophysical characteristics within the

tumormicroenvironment that regulate the phenotype and function of TAMs in HCC

pathogenesis and progression. We also explore the possible mechanisms and

discuss the potential of manipulating biophysical cues in regulating TAM for HCC

therapy. By gaining a deeper understanding of how macrophages sense and

respond tomechanical forces, wemay potentially usher in a path toward a curative

approach for combinatory cancer immunotherapies.
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INTRODUCTION

Liver cancer remains a formidable global health
challenge, ranking as the sixth most diagnosed cancer
and the fourth leading cause of cancer-related mortality
worldwide. HCC accounts for ~75%–85% of primary
liver cancers.[1] Despite notable scientific progress, the
prognosis for most patients with HCC remains
discouraging.[2] For patients with advanced HCC who
are ineligible for surgery, palliative approaches such as
tyrosine kinase inhibitors like sorafenib, lenvatinib,
regorafenib, or cabozantinib, anti-VEGF antibody ramu-
cirumab as well as immunotherapy are currently
available.[3] Compared to targeted therapies, immuno-
therapies, in particular immune checkpoint inhibitors
(ICIs), are rapidly establishing themselves as a prom-
ising therapeutic strategy in patients with HCC. Mecha-
nistically, checkpoint molecules, including programmed
death 1/programmed death-ligand 1, cytotoxic T-lym-
phocyte-associated protein 4, T-cell immunoglobulin
mucin-3, lymphocyte activating gene 3, and T-cell
immunoglobulin and ITIM domain, mediate immuno-
suppression on antitumor T-cell responses to support
tumor progression.[4,5] Release of this immuno-
suppression could, therefore, lead to T-cell reactivation
to kill the tumor cells. Although ICI treatment, either
alone or in combination with other systemic therapies,
including anti-VEGF antibody, showed promising effi-
cacy in patients with advanced HCC, the majority of
patients remain unbeneficial.[6] Accumulating evidence
has proved that the immunosuppressive tumor micro-
environment (TME) plays a key role in restricting the ICI
efficacy in patients with HCC.[5]

TME refers to the complex ecosystem surrounding
the tumor, which consists of various components,
including stromal cells like fibroblasts, immune cells,
extracellular matrix (ECM), blood vessels, and other
soluble factors.[7] Tumor-associated macrophages
(TAMs) are differentiated from naïve macrophages in
the presence of tumor, which are widely present in TME
and function in promoting tumor growth, invasion,
metastasis, and drug resistance.[8,9] TAMs also play
important roles in supporting the development and
progression of HCC through promoting immuno-
suppression, enhancing cancer invasion and metasta-
sis, angiogenesis, inducing epithelial-mesenchymal
transition, and maintaining stemness.[10–12] Thus,
approaches that target TAMs hold great potential for
HCC immunotherapies.

Besides biochemical features, recent studies have
pinpointed that the biophysical cues within the TME
may play important roles in regulating the recruitment
and function of TAMs.[13,14] For example, how bio-
physical cues of the ECM influence macrophage
behaviors in the TME of breast cancer through
direct and indirect factors has been well-reviewed.[14]

Nevertheless, due to the heterogeneity and diversity of

TME and biophysical stimuli in different cancers, the
impact of biomechanical contributions to TAM needs to
be clarified and specified. From the perspective of liver
cancers, there are few review papers that have
summarized the current progress on the influence of
biophysical cues, such as ECM architecture and
chemical properties, topography, surface roughness,
and pore size, on macrophages in liver physiology and
cancer pathogenesis. Therefore, we summarized the
current understanding of the importance of biophysical
cues in regulating macrophages, and how such
influences may be applied to macrophage-based
immunotherapy in liver cancer.

TARGETING TAM IN HCC
IMMUNOTHERAPY

Macrophages

The interactions among different components in the TME
have been widely reported to function in cancer
development and progression.[7] Nonmalignant cells
within the TME play critical roles in tumorigenesis
by stimulating and facilitating uncontrolled cell
proliferation.[7–15] In contrast, malignant cells infiltrate
healthy tissues and metastasize to other parts of the
body through the lymphatic or circulatory system.[16] In
particular, multiple inflammation-related risk factors jointly
contribute to the development of chronic inflammation in
the liver. Chronic inflammation, in turn, leads to contin-
uous cycles of destruction-regeneration in the liver,
contributing to the development and progression of
HCC.[5] TAMs are a key component of the immune cell
populations within HCC TME, which play crucial roles in
cancer-related inflammation.[10–17] TAMs are the main
type of inflammatory cells in the TME that promote
chronic inflammation and HCC progression.[18,19] Hence,
gaining a better understanding of how TAM infiltrate and
function in the TME would facilitate the development of
novel TAM-targeted immunotherapies.[10]

Macrophages are differentiated from myeloid lineage
and characterized by phagocytic nature according to the
mononuclear phagocytic system.[20] Hematopoietic stem
cells in the bone marrow give rise to myeloid progenitor
cells and differentiation into circulating monocytes. Inflam-
matory monocytes mediate the inflammatory response,
and the patrolling monocytes clear the damaged cells and
debris intravascularly. After extravasation into the tissue
through the endothelium, monocytes can differentiate into
macrophages.[21] Macrophages play crucial roles in the
initiation, maintenance, and resolution of inflammation.
They exert phagocytosis, antigen presentation capacity,
and immune regulation effect by releasing multiple growth
factors and cytokines.[22,23] Macrophages are found in
almost all tissues of adult mammals and display incredible
anatomical plastic and functional diversity.[24] Hepatic
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macrophages, consisting of KCs and monocyte-derived
macrophages, are the largest population of innate
immune cells in the liver.[25] KCs are the liver-resident
macrophages, which are self-sustaining, nonmigratory
tissue-resident phagocytes and originate from yolk sac–
derived precursors during embryogenesis. They are
located at the luminal side of the hepatic sinusoidal
endothelium and sense their microenvironment through
long cytoplasmic expansions. Moreover, KCs do not seem
to patrol the liver but rather occupy a fixed position over
time.[26] Monocyte-derived macrophages are detected in
inflammatory sites, orchestrating the immune response to
tissue injury or pathogens. Hepatic macrophages are
involved in the initiation and progression of various liver
diseases. They act as tolerogenic antigen-presenting cells
to inhibit T-cell activation by producing distinct sets of
cytokines, chemokines, and mediators to maintain or
resolve inflammation. In addition, hepatic macrophages
also promote tissue regeneration by releasing regenera-
tive growth factors and matrix metalloproteinases.[27]

Macrophage polarization

Plasticity and flexibility are key features of mononuclear
phagocytes, as influenced by their activation states.[28–30]

Macrophages can be generally induced into 2 distinct
polarization phenotypes according to the range of their
responses to different microenvironmental stimuli. These
phenotypes are known as the classically activated M1
and alternatively activated M2 macrophages. It is now
widely recognized that a spectrum of phenotypic states
exists between these 2 extremes of macrophage
polarization.[31,32] M1 macrophage exhibits proinflamma-
tory properties, possesses high antigen presentation
ability, and promotes T-cell activation.[33] On the other
hand, M2 macrophage displays anti-inflammatory activ-
ities, possesses immunoregulatory functions, and con-
tributes to tissue repair.[34] The polarization of M1-M2
macrophages can, to some extent, be reversed both
in vitro and in vivo.[35,36]

There is a consensus that macrophage polarization is
strongly associated with tumor stages, with a dynamic
switching that exists from the M1 phenotype during the
early phases of chronic inflammation to an M2-like
phenotype in established tumors.[18] Classically activated
M1-polarized macrophages have the potential to exhibit
antitumor activity and disrupt tumor tissue.[29] In certain
mouse models of carcinogenesis, tumor progression is
linked to a phenotype switch from M1 to M2 in TAM.[37]

Th1-driven macrophage activation has been found to
mediate the elimination of senescent hepatocytes, which
subsequently drives tumorigenesis. Therefore, it is likely
that classically activated M1 macrophages contribute to
the T-cell–mediated elimination phase during tumor
progression.[38] In later stages of progression in both
mice and humans, TAMs generally display an M2-like

phenotype characterized by low IL-12 but high IL-10
expression, reduced tumoricidal activity, and promotion
of tissue remodeling and angiogenesis.[39] Therefore,
approaches that convert M2-like TAMs to M1-like
macrophages hold great potential for cancer therapy.

Roles of TAMs in HCC

The TME of HCC consists of various components,
including cancer-associated fibroblasts (CAFs), HSCs,
endothelial cells and immune cells, and ECM.[5–17] This
complex environment influences the function of macro-
phages and shapes their behavior. Monocytes originat-
ing from the bone marrow can be recruited to the TME,
primarily through chemokine (C-C motif) ligand 2 (CCL2)
and macrophage (M)-CSF, ultimately differentiating into
TAMs.[19] TAMs constitute a significant portion of the
immune cells in HCC TME.[17] While the functions of
TAMs are reported to be controversial in other types of
cancers, they play an essential role in HCC
pathogenesis.[17–24] High levels of TAMs have been
linked to poor prognosis in patients with HCC.[40]

Functionally, TAMs contribute to the establishment of a
proinflammatory and protumorigenic environment
through suppressing antitumor immune responses,
promoting angiogenesis, facilitating tumor invasion and
metastasis, providing metabolic support, inducing drug
resistance, promoting autophagy, and contributing to
malignant transformation of HCC stem cells[17–19]

(Figure 1). Abundant production of various cytokines
and chemokines, including VEGF, TGF-β, and matrix
metalloproteinases, by TAMs attracts or induces immu-
noregulatory/immunosuppressive cells within the
TME.[18] TAMs subvert local immune surveillance by
reducing the activity of T cells and natural killer cells
through the expression of cell surface proteins or the
release of immunosuppressive factors like arginase 1,
IL‑10, programmed death-ligand 1, and TGF-β.[9] They
also indirectly suppress T-cell activities by recruiting
other immune-suppressive cells, such as regulatory T
cells.[9] In addition, pathological analysis reveals a
significant positive correlation between tumor vascularity
and macrophage count during the early stages of
HCC.[41] As angiogenesis is a key factor in cancer
metastasis, TAMs are also reported to facilitate the
invasion and metastasis of HCC. For example, TAMs
enhance HCC metastasis by producing IL-6, a chemo-
kine (C-X-C motif) ligand 8.[42,43] Moreover, TAMs
promote the cancer stem cell–like properties of tumor
cells, contributing to the survival and expansion of cancer
stem cells in HCC.[44,45] Most importantly, the high
density of TAMs is associated with low responsiveness
toward targeted therapy and ICIs in HCC.[46–48] Taken
together, it is crucial to gain a better understanding of the
mechanisms underlying TAM function to develop novel
immunological interventions that target TAMs (Figure 1).
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THE ROLE OF BIOPHYSICAL
FEATURES OF HCC TME IN
REGULATING MACROPHAGES

Previous studies have primarily focused on the effect
of biological and biochemical cues (eg, cells, growth
factors, chemokines, and metabolic factors) within the
TME on macrophage behaviors, while the biophysical
complexity of the TME has often been overlooked
(Figure 2).[14] Biophysical cues, including topography,
porosity, stiffness, or external mechanical forces such
as compression, tension, or shear stress, are equally
important as biochemical cues in regulating cell

behaviors (growth, migration, and metastasis etc.)
and contributing to the TME maintenance.[14] For
instance, an increase in ECM protein crosslinking
and linearization is often observed in the TME.[49,50]

Such dense and highly crosslinked ECM can have
diverse consequences. It can promote cancer cell
growth, migration, metabolism, and survival while also
serving as a physical barrier that prevents the
infiltration of drugs or immune cells, thus hindering
therapeutic efficacy.[51] Modulating the biophysical
attributes of the TME to re-educate TAMs may be a
promising therapeutic strategy for HCC treatment
(Figure 1).
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F IGURE 1 TAM and biophysical cues in the TME of HCC. As one of the key components in the TME of HCC, TAM contributes to the
establishment of the immunosuppressive microenvironment by suppressing antitumor immune responses, promoting angiogenesis and proin-
flammatory response to facilitate tumor invasion and metastasis, as well as drug resistance. In parallel, biophysical properties of the TME, such as
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Substrate stiffness

Stiffness, also known as “rigidity,” is a characteristic of a
material or structure that denotes its ability to resist
elastic deformation (Figure 3). Within the tissue
microenvironment, the excessive secretion and cross-
linking of collagens within the ECM can lead to an
increase in the overall matrix stiffness.[52,53] When the
substrate stiffness increases, cells typically exhibit
enhanced cell adhesion,[54–56] increased cell spreading
with well-defined actin organization,[56–59] heightened
cellular contractility, decreased migration speed,[60,61]

augmented cell proliferation,[54,62–64] and improved cell
differentiation.[65–67] In particular, substrate stiffness has
also been shown to influence the attachment, morphol-
ogy, migration, and proliferation of macrophages,[68,69] as
well as their surface protein expressions and cytokine
secretion. However, there is conflicting evidence

regarding how stiffness affects macrophage polarization.
Both M1[32,70–75] and M2 phenotypes[68,76–80] have been
reported to be favored by increasing substrate stiffness.
Interestingly, macrophages could interact with resident
fibroblasts to prompt their differentiation into myofibro-
blasts. These myofibroblasts, in turn, secrete large
quantities of collagens, which promotes further matrix
deposition. In addition, myofibroblasts actively remodel
the ECM by regulating the balance of matrix metal-
loproteinases and their inhibitors.[81] Therefore, matrix
stiffness and macrophage mechanosensing capabilities
become mutually regulated in a feedforward manner,
ultimately contributing to tumor invasion and metastatic
dissemination. Mechanistically, several signaling path-
ways have been identified to be involved in substrate
stiffness–induced macrophage responses, including
integrin-mediated focal adhesion signals and ion
channels.[80,82,83] In response to substrate stiffness in
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the TME, macrophages typically sense it through the
activation of various types of integrins. This activation
triggers downstream signaling pathways that not only
regulate cytoskeletal dynamics but also control numer-
ous cellular behaviors, including proliferation, migration,
and differentiation.[84–86] In addition, macrophages can
be regulated by signaling pathways related to ion
channels. Macrophages express transient receptor
potential vanilloid 4 (TRPV4), TRPV2, TRPC6, and
TRPM7 that are involved in inflammatory activation and
phagocytosis[87] (Figure 3).

In the context of HCC, increased stiffness is a
prominent feature, which can be 5–10 times stiffer than
normal liver, with a mean stiffness value of around
3.5–6.0 kPa.[88–101] Specifically, the majority (80%) of
HCCs develop in the context of advanced liver fibrosis
or cirrhosis, one of the key risk factors for HCC.[67] Liver
cirrhosis and HCC are often associated with increased
tissue stiffness (Table 1) due to extensive matrix
deposition in the extracellular microenvironment. In
addition to the macroscopic mechanical features,
various strategies have been applied to measure
microscopic mechanical properties, such as individual
cells or subcellular levels, using techniques like atomic
force microscopy (AFM), micropipette aspiration, and
optical tweezers.[102] Among these methods, AFM-
based nanoindentation is one of the most widely used
modalities for assessing cellular structures[103] and
mechanical properties.[104,105] With its nanoscale imag-
ing precision and real-time force measurement capabil-
ities, AFM has emerged as a versatile tool that enables

researchers to image and probe individual biological
specimens in physiological solutions.[106,107] During the
progression of HCC, AFM can detect and record minute
changes in the mechanical properties of cancer cells.
By comparing these properties to those of normal cells,
the pathogenesis stages of cancer cells can be
evaluated. For instance, Gang and colleagues used
AFM to measure the mechanical features of TME in
diethylnitrosamine-induced HCC rat model. The results
demonstrated a quantitative increase in tissue stiffness
during hepatocarcinogenesis.[99] Similarly, Tian and
colleagues investigated Young’s modulus of surgically
removed samples from patients with HCC using
Indentation Type-AFM. They found that different stages
of HCC exhibited specific mechanical signatures. The
lowest elasticity peak in the mechanical profile of HCC
tissues was directly correlated with the nanomechanics
of cancer cells and could serve as a biophysical signal
for cancer diagnosis. In addition, tumor tissues with
lower elasticity were more prone to microvascular
invasion.[101] These studies illustrated that tumorigenic
areas were softer compared with their counterparts.[108]

Given that the pathophysiological increases in matrix
stiffness, as seen in fibrotic and cirrhotic livers, promote
proliferation, migration, chemotherapeutic response,
and progression in HCC cells,[109–111] liver stiffness
could serve as a clinical indicator for predicting HCC
occurrence, progression, and prognosis.[112,113]

Increased TME stiffness has been associated with
enhanced cell proliferation, chemotherapeutic resistance,
and stem cell characteristics, which is also positively
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The external forces generated by stiffness could further enhance the interaction between tumor cells and TAM. The figure is created by
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correlated with poor prognosis in patients with
HCC[109,114,115] (Figure 3). In addition, changes in TME
stiffness also impact tumor immunity, including the
behaviors of macrophages, which in turn significantly
influence tumor development and outcomes[68–72,80,116–127]

(Table 2). For example, matrix stiffness could induce the
polarization of monocytes into TAM.[74] The TAMs
interact with tumor cells, leading to improved migration
and metastasis of HCC as well as tumor
immunosuppression.[128] The polarization state of macro-
phages is known to be associated with HCC progression
(Figure 3). HCC cells communicate with TAMs and
promote the M2 polarization, resulting in enhanced
immunosuppression and HCC progression.[128] Impor-
tantly, such effects of matrix stiffness on macrophage
polarization occur regardless of the chemical
inducers.[74–129] Mechanistically, several signaling path-
ways have been implicated in matrix stiffness–
strengthened macrophage M2 polarization. For instance,
the work by Xing et al[125] demonstrated that the activation
of the integrin β5-FAK-MEK1/2-ERK1/2 pathway contrib-
utes to matrix stiffness–mediated upregulation of HIF-1α,
leading to increased expression of lysyl oxidase–like 2
(LOXL2). In summary, the stiffness can regulate the
features and functions of macrophages as well as their
interactions with tumor cells in HCC TME, thereby further
promoting TAM differentiation and immunosuppression.

Similar to HCC, stiffness features of the ECM are also
widely reported to regulate TAM in other cancers. For
example, increased matrix stiffness is reported to
facilitate the polarization of macrophages toward the
M2 phenotype. In the context of metastatic breast cancer,
the deposition of ECM components has been shown to
contribute to macrophage M2 polarization.[130] Moreover,
single-cell RNA sequencing showed a significantly
higher proportion of M2-like macrophages within the
stiffer TME in an MMTV-PyMT mouse mammary tumor

model.[131] Similarly, Larsen and colleagues employed a
3D collagen matrix culture system, varying collagen
densities to mimic healthy and tumorous tissues, to
culture the murine macrophage cell line RAW 264.7.
Their findings reveal that the collagen density within
tumor ECM was found to modulate the immuno-
suppressive activity of TAMs. Comprehensive transcrip-
tomic analysis exposed a profound TAM response to the
local collagen density, impacting immune regulatory and
chemokine-related gene expression.[132]

The ECM stiffening is largely contributed by the ECM
deposition and remodeling activities of CAFs in the
TME.[53–133] CAFs possess the ability to facilitate
monocyte migration into TME and subsequently polarize
toward the M2macrophages. For instance, in the context
of pancreatic cancer, the CAF-derived factors, such as
M-CSF1, IL-6, and CCL2, have been shown to enhance
monocyte recruitment, leading to an increased M2/M1
ratio of TAM.[134,135] In cases of female breast cancer,
recent evidence indicated that CAFs contribute signifi-
cantly to the population of TAMs, and these 2 cell types
are engaged in reciprocal paracrine interactions.[136]

Collectively, these findings suggest that matrix stiffness
may serve as a key driver in promoting the polarization of
macrophages toward the immunosuppressive M2 phe-
notype within the TME.

In turn, TAMs could also influence the composition
and structure of the ECM in the TME, thereby promoting
tumor invasion and metastatic progression. TAMs have
been observed to orchestrate the ECM remodeling,
which induced the deposition and crosslinking of
collagen fibers within the TME, particularly in regions
characterized by heightened tumor invasiveness. This
dynamic interplay between TAMs and the ECM has been
documented in preclinical models of colorectal cancer,
wherein TAMs were found to drive tumor progression
concurrently with the remodeling of the ECM composition

TABLE 1 Biophysical features of liver cirrhosis and HCC

Biophysical
features Species Method Healthy range Pathological range Ref.

Stiffness H Transient elastography < 6k Pa > 20k Pa in HCC [93]

H Transient elastography — > 8.1k Pa in HCC [94]

H Transient elastography — 10.4–28.4k Pa in HCC with
severe complication
(CCI >26.2)

[95]

H MRE — > 4.7k Pa [96]

R Rheometry 400–600 Pa 1400–1600 Pa [97]

M AFM 150 Pa 1–6k Pa [98]

Elastic modulus R AFM 0.18 ± 0.04 MPa 0.42 ± 0.07 MPa [99]

Fluid shear stress H Microfluidic traction force microscopy/intracellular tension
sensors/confocal microscopy/optical coherence tomography/
4-dimensional flow MRI

0.1–0.5 dyn/cm2 in hepatic
sinusoid, >2 dyn/cm2 in
central vein

[100]

H — 0.1–1 dyn/cm2 by interstitial
flow

[101]

Abbreviations: AFM, atomic force microscopy; CCI, comprehensive complication index; H, human; M, mouse; MRE, Magnetic resonance elastography; R, rat.
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TABLE 2 Summary of relationships between matrix stiffness properties and macrophage features

Material types Material stiffness Macrophage properties
Involved
pathways Species Cell types Applications Ref.

Low stiffness (lower than mean liver stiffness value)

Poly (carboxybetaine) hydrogel 2–19 kPa Minimum adhesion (2 kPa
hydrogen)

M Raw 246.7 cell
line

Not mentioned [116]

Polyacrylamide hydrogels 1, 20 and 150 kPa Increased secretion of TNFα on
soft hydrogen (1 kPa)

ROCK1/2 M Raw 246.7 cell
line

Not mentioned [68]

Polyacrylamide hydrogels 2.55 ± 0.32 kPa, 34.88
± 4.22 kPa and 63.53
± 5.65 kPa

M1 polarization (2.55 ± 0.32 kPa) NF-κB M Macrophage Inflammation, tissue
regeneration, antitumor

[117]

GelMA hydrogel 3.4, 14.2 and 31.4 kPa Anti-inflammatory macrophage
polarization (3.4 kPa)

MAPK, Hippo
and AP1

M Bone marrow–
derived
macrophage

Stem cell–based therapy
and tissue engineering
strategy in regenerative
medicine

[118]

Polyacrylamide gel 0.2, 14.3 and 33.1 kPa Increased sensitivity of BMDMs to
proinflammatory stimuli (0.2 kPa)

ROCK1/2 M Bone marrow–
derived
macrophage

Biomaterials with immune
regulatory properties in
implantable medical
devices

[119]

Agarose gel 4,15 and 100 kPa M2 polarization (4 kPa) H THP-1 Not mentioned [72]

Naturally occurring biopolymers
(collagen I,
glycosaminoglycans [GAGs])

Coll (Coll (27.1 ±
9.8 Pa), EDC (57.5 ±
25.9 Pa), HA (73.6 ±
27.5 Pa), and sHA
(118.5 ± 34 Pa)

M2 phenotype in EDC matrices
(57.5 ± 25.9 Pa).

H Human-
macrophage

Not mentioned [120]

High stiffness (higher than mean liver stiffness value)

PEG-RGD hydrogels Cell morphology change;
increased cell spreading

Integrin M Raw 246.7 cell
line

Not mentioned [70]

Polyacrylamide gel 0.2, 14.3 and 33.1 kPa Increased cell spreading
(33.1 kPa)

ROCK1/2 M Bone marrow–
derived
macrophage

Biomaterials with immune
regulatory properties in
implantable medical
devices

[119]

Polyacrylamide gels 1, 3, 5, and 280 kPa Increased migration speed
(280 kPa)

H Human-
macrophage

Biomaterials with immune
regulatory properties for
atherosclerosis

[69]

Polydimethylsiloxane (PDMS) 2.36 ± 0.14 Mpa,
149.53 ± 21.83 kPa
and 589.99 ±
24.53 kPa

M1 polarization (149.53 kPa) M Raw 246.7 cell
line

Tendon tissue
engineering

[121]

Polyacrylamide hydrogels 10, 70, and 260 kPa Pro-healing M2 phenotype
(70 kPa)

TGF-β1 M Raw 246.7 cell
line

Bone repair and
regeneration

[122]

Polyacrylamide hydrogels 2.55 ± 0.32 kPa, 34.88
± 4.22 kPa and 63.53
± 5.65 kPa

M2 polarization (34.88 ±
4.22 kPa)

NF-κB M Macrophage Inflammation, tissue
regeneration, antitumor

[117]
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Skin tissue 1 kPa, 50 kPa M1 macrophage polarization
(50 kPa)

M Bone marrow–
derived
macrophage

Bio-competent implants
and therapeutics

[80]

GelMA cryogel scaffold 20, 70, 190 kPa M1 macrophage polarization
(20 kPa)

M Bone marrow–
derived
macrophage

Tailor-made scaffolds for
injury

[123]

GelMA cryogel scaffold 20, 70, 190 kPa M2 polarization (190 kPa) M Bone marrow–
derived
macrophage

Tailor-made scaffolds for
injury

[123]

Polyacrylamide gels 0.3, 1, 6, 27, 47, 120,
and 230 kPa

Increased proinflammatory
mediator production (≥47 kPa)

NF-κB; TLR4 M Bone marrow–
derived
monocyte

Not mentioned [71]

Collagen I 0.2 and 64 kPa M2 polarization and chemotaxis
(64 kPa)

H THP-1 Bone repair [124]

Fibronectin 6, 10, and 16 kPa M2 macrophage polarization (with
increased matrix stiffness)

integrin β5-
FAK-MEK1/
2-ERK1/2

H THP-1 Not mentioned [125]

PDMS 0.61 and 3.17 MPa Increased IL1B (0.61 MPa);
reduced IL8 (3.17 MPa)

H THP-1 Tenogenic differentiation
and regeneration

[126]

Polyacrylamide gels 11, 88, and 323 kPa Proinflammatory phenotype with
impaired phagocytosis
(323 kPa); anti-inflammatory with
phagocytic phenotype (11 kPa
and 88 kPa).

H THP-1 Biomaterials with immune
regulatory properties

[127]

Polyacrylamide gels 1, 3, 5, and 280 kPa Increased migration (280 kPa) H Human-
macrophage

atherosclerosis [69]

Abbreviations: BMDM, bone marrow-derived macrophage; EDC, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride; H, human; M, mouse.
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and structure.[137] In addition, a recent study has
demonstrated that TAMs possess the capacity to
promote fibrosis in pancreatic cancer. This process is
facilitated by a mechanism involving mannose receptor–
mediated internalization of collagen followed by lyso-
somal degradation, which in turn induces metabolic
reprogramming in TAMs.[138] In diffuse large B-cell
lymphoma, TAMs were reported to contribute to the
tumor progression through a legumain-mediated remod-
eling of ECM deposition and angiogenesis. In parallel,
they could fabricate an immunosuppressive network by
secreting immunosuppressive factors, mediating the
activation of CAFs, and ultimately leading to enhanced
ECM deposition.[139] These evidence indicate that
TAMs also play a crucial role in ECM remodeling,
thereby promoting tumor invasiveness and disease
progression.

Taken together, the reciprocal relationships between
ECM stiffness and TAM phenotype in different cancers
shed light on the importance of how biophysical cues
may regulate TAM to support tumor progression. The
stiffness of ECM has the potential to impact the
polarization of TAMs, while TAMs also contribute to the
remodeling of ECM composition and structure by
coordinating processes such as collagen fiber degrada-
tion, deposition, crosslinking, and alignment. The intri-
cate interplay between TAMs and ECM significantly
contributes to tumor invasion and metastasis, which has
emerged as a critical determinant and provides a
framework for targeting TAM through reprogramming
stiffness in HCC TME.[137]

Substrate topography

In the context of biophysical cues, the term “topography”
refers to the physical configuration of the substrate,
including ECM architecture, organization, specific
geometry, roughness, nanostructures, and the diameter
and alignment of ECM fibers.[140,141] Cells within living
organisms are surrounded by and in contact with these
topographic cues, which exert various influences on cell
behaviors, including cell adhesion, orientation, and the
production of growth factors and cytokines.[140,141]

Macrophage phenotypes have also been shown to be
affected by topographic cues in recent studies.[142–145]

For example, the surface roughness,[146–148]

nanostructures,[149–152] and nanofiber diameter and
orientation[153,154] of implant materials can modulate
macrophage polarization and the expression of
secreted cytokine expression in different ways, often
correlating with the range of roughness present.

The topographic features exhibit significant differ-
ences between normal tissues and tumors. In addition
to the increased stiffness of the desmoplastic ECM, the
architecture and organization of collagen fibers undergo
dynamic changes during tumor progression.[155] In

normal conditions, ECM fibers are randomly and
isotropically arranged. During tumor growth, these
fibers adopt an organized and anisotropic arrangement,
resulting in a confined pore structure and distinct fiber
alignment. Previous studies have demonstrated that
cancer cells actively remodel the surrounding ECM
fibers by exerting contractile forces to align them
perpendicular to the tumor.[155,156] These aligned
collagen fibers can serve as a “highway” for malignant
cell migration, thereby promoting tumor metastasis and
progression.[156,157] During the development of HCC,
the components of the ECM, such as collagens,
glycosaminoglycans, laminins, proteoglycans, and fib-
ronectins, undergo various changes within TME, result-
ing in alterations in the overall topography and
mechanical properties of the matrix.[158,159] The
increased deposition of matrix proteins and collagen
crosslinking contributes to tumor progression by inter-
fering with cell-cell adhesion and cell polarity and
amplifying growth factor signaling through diverse
signaling mechanisms.[160,161] However, conflicting
reports suggest that depletion of fibrillar collagens I
and III can also promote malignance.[162] Tumor cells
control matrix stiffness and architecture by influencing
the degree of fibrosis and controlling crosslinking and
the expression of ECM proteins, as well as secreting
certain enzymes such as lysyl oxidases (LOX).[50–137]

Numerous studies have investigated the impact of
topography on macrophage behavior in different physi-
ological and pathological contexts.[163] Nevertheless,
our understanding of how the topographic features of
the TME, specifically in the TAM of HCC remains
limited. We speculate that certain topographic features
of HCC TME may also contribute to the polarization and
function of TAMs, in which their modulation may,
therefore, serve as additional approaches for HCC
immunotherapy by targeting TAM in the future.

External forces

Biomechanical cues acting on cells are measured by
the physical quantity known as stress, which is defined
as force per unit area (pascal, Pa = N/m2). These
stresses include but are not limited to (1) compressive
stress, acting perpendicular to the cell surface leading
to compression; (2) tensile stress, acting perpendicular
to the cell surface causing extension; and (3) shear
stress, acting parallel to the cell surface (Figure 3).
Macrophages also experience such external forces,
that is, compressive stress, tensile stress, and shear
stress in the TME. In general, cell proliferation, matrix
deposition, tissue swelling, and the increased volume of
tumor tissue within a confined space result in inter-
actions between the tumor and the surrounding normal
tissues. This leads to elevated solid stress within the
tumor and at the interface with the surrounding tissue.
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Macrophages, particularly those located in the inner or
peripheral regions of the TME, are subjected to
significant compressive forces exerted by the solid
stress arising from increased ECM stiffness and cancer
cell density. Conversely, to balance the compressive
force within the TME, the outer regions of the tumor
experience tensile stress.

To study how diverse mechanical cues regulate
macrophages, various in vitro engineered systems have
been developed. Initially, studies focused on biomedical
applications and tissue repair. More recent investigations
have shifted their focus toward immunotherapy targeting
macrophages. Some studies have indicated that com-
pression can activate macrophages and enhance their
phagocytic capabilities.[164] Specifically, when exposed
to compressive force, macrophages tend to shift toward
theM1 phenotype and exhibit increased expression of IL-
6 and TNF-α.[165–167] In the TME, strong compressive
forces can directly or indirectly influence immune cells,
including macrophages. For example, these forces can
reduce the number of normal blood vessels, leading to
decreased oxygen supply. The resulting hypoxic environ-
ment can, in turn, suppress macrophage activation and
phagocytosis in the TME.[168]

Fluid shear stress is defined as the frictional force
between moving layers in laminar flow. It is determined
by the product of fluid viscosity and shear rate and is
measured in newtons per square meter (N/m2) or dynes
per square centimeter (dyn/cm2). Studies have shown
that macrophages/monocytes respond to shear stress
stimulation, resulting in functional alterations, such as
paracrine signaling and cytokine secretion in
macrophages.[169] In solid tumors, the high permeability
of tumor-associated vasculature can alter fluid move-
ment, likely due to changes in hydrostatic and oncotic
pressure, leading to the generation of shear stress
within the tumors.[170] HCC is generally characterized by
hypervascularity, and blood flow in the vascular vessels
promotes the development and metastasis of HCC. The
interstitial fluid pressure gradient in healthy liver tissues
is ~2.2 mm Hg, while in HCC, it ranges from 0 to
30 mm Hg.[171] This increase in tumor interstitial fluid
pressure results in a steep pressure gradient between
the tumor and stroma, driving elevated interstitial fluid
flow. Interstitial fluid flow can induce invasion of HCC
cells through the formation of autologous transcellular
gradients of CXCL12, and interstitial fluid flow–induced
invasion of Huh7 cells requires MEK/ERK activity
independent of CXCR4/CXCL12.[172] Fluid shear stress
has also been shown to induce changes in cell
morphology and migration capacity of HCC HepG2
cells through the integrins-FAK-Rho GTPases signaling
pathway.[172] In addition, Lien et al[173] reported that
shear stress induced the formation of acidic vesicular
organelle, the transformation of microtubule-associated
protein light chain 3 (LC3B), and degradation of p62/
SQSTM1 in HCC Hep3B cells, suggesting that shear

stress induces autophagy in HCC cells.[146] This finding
is consistent with the report from Wang et al, which
demonstrated that shear stress induces autophagy
through the PI3K-FAK-Rho GTPase pathway.[174] Yan
et al[175] suggested that shear stress induces autophagy
to promote migration and invasion of HepG2 cells
through integrin/cytoskeleton pathways in vitro.
Recently, research findings from Yu et al[176] revealed
the molecular processes underlying shear stress–
induced translocation of YAP from the cytomembrane
to the nucleus, contributing to epithelial-mesenchymal
transition and metastasis in HCC (Figure 3).

While direct evidence is currently lacking, it is
plausible to infer from other reported studies that
mechanical forces, such as compressive, tensile, or
shear stress, play crucial roles in regulating macrophage
behaviors and functions. Therefore, it is reasonable to
anticipate that these mechanical forces may also exert
significant influences on TAMs and contribute to HCC
progression. Understanding the impact of mechanical
forces on TAMs and HCC progression is invaluable for
guiding the application of immunotherapy in the future.

Viscoelasticity

Viscoelasticity is the property of materials that exhibit
both viscous and elastic properties when undergoing
deformation. Most biological tissues are not only elastic
but have viscous components.[177] However, less
attention is paid to the viscous components in under-
standing tissue or cell mechanics during disease
progression. In HCC, tissue viscosity increases more
than 2-fold, which suggests that the viscous dissipation
could be highly associated with the diseased state.[178]

Recent research has additionally illustrated that those
alterations in ECM viscoelasticity, irrespective of stiff-
ness, influence cellular behaviors such as the prolifera-
tion and migration in breast cancer.[179–182] In HCC, Fan
et al[183] reported that advanced glycation end-products
promote changes in collagen architecture and enhance
ECM viscoelasticity. High advanced glycation end-
products and viscoelasticity combined with oncogenic β-
catenin signaling promote HCC induction. Mechanisti-
cally, enhanced viscoelasticity promotes HCC cell
proliferation and invasion through an integrin-β1-tensin-
1-YAP mechanotransductive pathway.[183] Viscoelasticity
of the microenvironment may also have varied responses
based on different cell types. Mandal and colleagues
studied the mechanoresponsive of normal hepatocytes
and HCC cells to elastic and viscoelastic substrates.
They pointed out that the normal hepatocytes display
reduced spread area and actin bundle assembly in
reaction to viscoelastic substrates of similar stiffness in
comparison to fully elastic substrates. Conversely, HCC
cells spread more rapidly on viscoelastic substrates
compared to purely elastic substrates, resulting in
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significantly larger spread areas.[178] Vining et al[184]

reported that the mechanical properties of myelofibrosis,
particularly the transition between liquid and solid states
(viscoelasticity) of the bone marrow, play a role in the
dysregulated differentiation of monocytes. Specifically,
humanmonocytes cultured in stiff, elastic hydrogels show
proinflammatory polarization and differentiation toward
dendritic cells, as opposed to those cultured in a stiff
viscous ECM. Moreover, transcriptional changes driven
by viscoelasticity are consistent with transcriptional
profiles of myeloid cells in other human fibrotic diseases,
suggesting that viscoelasticity is an important factor in
promoting the activation of inflammatory cells. Although
viscoelasticity has been shown to regulate fundamental
cell processes such as spreading and differentiation in
adherent cells, the influence of viscoelasticity on macro-
phage behavior has not been explored until recent
publication by Kalashnikov and Moraes.[185] They used
a tunable viscoelastic polyacrylamide hydrogel culture
system to demonstrate that viscoelasticity is an important
biophysical cue in regulating macrophage function. THP-
1 cells cultured on more viscous polyacrylamide hydrogel
substrates become smaller, rounder, and less efficient at
phagocytosis.[185] Since macrophages play key roles in
mounting responses such as inflammation and fibrosis,
these results indicate that viscoelasticity is an important
parameter in the design of immunomodulatory biomate-
rials for better cancer therapy.

MODULATING BIOPHYSICAL
FEATURES OF TME FOR TARGETING
TAM IN HCC

Therapeutic approaches to target TAM in
TME

TAMs are essential immune cells within the TME that
exhibit high heterogeneity and complex roles as regula-
tors of tumor immunity and immunotherapy. Given
increased recognition of the profound impact of TAMs
on immunotherapies, there is growing interest in target-
ing TAMs alone or in combination with current ICIs in
HCC. The various approaches explored for targeting
TAMs can be broadly categorized into 3 main categories:
(1) Eliminating TAMs already present in the TME. One
strategy involves depletion by chlorolipid or zoledronic
acid. Studies in HCC have shown that the depletion of
macrophages using these agents significantly inhibits
tumor progression, angiogenesis, and metastasis.[41,186]

In addition, zoledronic acid treatment has been shown to
enhance the effects of transarterial chemoembolization
by suppressing the infiltration of TAMs in HCC.[187] (2)
Inhibition of monocyte/macrophage recruitment. The
recruitment of circulating monocytes relies heavily on
chemotaxis, such as CCL2/CCR2 signaling and SDF-1α/
CXCL12 signaling. Therefore, blockade of chemotaxis

using monoclonal antibodies or small molecule inhibitors
could effectively impede TAM accumulation in the TME.
(3) Reprogramming TAMs. Exploiting the plasticity of
macrophages provides an opportunity to restore their
antitumor properties. Shifting TAMs toward an “immune-
effective” phenotype can help reshape the immune-
suppressive or exclusionary TME and enhance the
effectiveness of current ICIs. For instance, TAMs that
differentiated into an M1 phenotype promote the elimi-
nation and degradation of tumor cells. Therapeutic
strategies that promote macrophage polarization have
shown promise. In a mouse model of HCC, compounds
such as baicalin, 8-bromo-7-methoxychrysin, and the
competitive CSF-1R inhibitor PLX3397 have been found
to suppress tumor growth by shifting TAM polarization
toward the M1 phenotype.[188]

Reconfiguring TME characteristics through
biophysical cues for targeting TAM

Since biophysical cues show the potential to regulate
macrophages, selectively reprogramming macrophages
toward a restorative phenotype by biophysical modula-
tions may, therefore, provide new approaches for
macrophage-targeted therapies. In HCC, the tumor cells
undergo changes such as increased stiffness and
interstitial fluid pressure when growing, which have
significant impacts on the surrounding cells, including
TAMs. Therefore, strategies that can reduce tumor
stiffness, release solid stress, and lower interstitial fluid
pressure have the potential to be effective for HCC
treatment.[189] Most of the reported research focuses on
targeting tumor stiffness, particularly by targeting major
matrix components such as collagens in HCC. One
approach is to eliminate the components (collagens) or
cells (CAFs) to reduce the extent of collagens cross-
linking in the TME.[189] Direct depletion of collagen using
recombinant collagenase has shown potential as a
cancer therapeutic by increasing drug uptake and
diffusion. However, the benefits of collagenase treatment
are complicated by the risks of toxicity from collagen
breakdown in healthy tissues.[189] Similarly, CAFs are
also attractive targets for HCC treatment as they secrete
ECM proteins that reinforce fibrillar collagen deposition,
leading to ECM stiffening. Targeting CAFs through “anti-
CAFs” therapy has shown promising benefits for patients
with tumors.[37] As fibrillary collagen is a major contributor
to increased ECM stiffness, another approach is to limit
the synthesis or promote the breakdown of ECM tumor
collagen. TGF-β plays a significant role in collagen
synthesis, in which its inhibition has been shown to
increase drug penetration and enhance the efficacy of
anticancer therapeutics in HCC cell lines and patient-
derived tumor spheroids.[190] Moreover, inhibition of LOX,
critical inducers of collagen crosslinking and ECM
rigidity, is another promising strategy to reduce matrix
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stiffness and facilitate drug delivery and tumor
therapy.[191] Although clinical trials targeting LOX family
members for HCC are still limited, several drugs are
developing in the preclinical stages. For example, β-
aminopropionitrile, an irreversible inhibitor of LOX and
LOX1-4 catalytic activity, has been shown to block the
proliferation and tube formation of endothelial cells
in vitro and suppress angiogenesis and tumor growth
in vivo.[191] Ninomiya et al[192] demonstrated that β-
aminopropionitrile inhibits LOXL2 to impede the migra-
tion and invasion abilities of HCC cells.

The biophysical cues present in HCC TME extend
beyond the ECM structure and stiffness predominantly
influenced by collagen fibers. External forces such as
solid stress, tumor interstitial fluid pressure, and
vascular shear stress also contribute to the progression
of HCC. For example, high interstitial fluid pressure
dramatically affects cell behaviors due to mechanical
shearing, leading to ECM remodeling and hindering
effective drug delivery into the tumor.[92] Thus, targeting
ECM components such as collagen and hyaluronan can
alter ECM configuration, reducing swelling pressure and
interstitial fluid pressure. In addition, treatments aimed
at normalizing tumor blood vessels and relieving
vascular permeability can also contribute to the reduc-
tion of interstitial fluid pressure. Building upon this
knowledge, future efforts can be directed toward the
development of safer and more effective drugs that can
interrupt the oncogenic signals induced by these
biophysical cues present in TME. The ultimate goal is
to prevent cancer progression and enhance the
therapeutic efficacy of cancer immunotherapy.[193]

CONCLUDING REMARKS

Cells possess remarkable complexity as sensors
capable of detecting and responding to diverse extrac-
ellular signals. Besides biochemical signals, a growing
body of publications has recently highlighted the
significant role of biophysical cues in modulating cell
behaviors. This recognition extends to HCC, where the
TME comprises various heterogeneous cell populations
and ECM components that contribute to tumorigenesis.
Biophysical cues such as ECM stiffness, topography,
and external forces (eg, solid force, interstitial fluid
pressure, and shear stress) in the TME now emerge as
crucial factors in regulating HCC development.

Although a numbers of reports have investigated the
impact of several biophysical cues in regulating macro-
phage, there remains a lack of comprehensive under-
standing regarding macrophage responses to multiple
biophysical factors in HCC. It is now feasible to artificially
engineer and manipulate the stiffness or external loading
conditions of macrophages in vitro, leading to modulated
behaviors and functions such as spreading area,
phagocyte ability, migration, and cytokine release. In

addition, there is still much work to be done in achieving
controllable manipulation of macrophage polarization.
Influenced by factors such as cell types, material
properties (such as swelling, porosity, and degradation),
dimensionality, and spatiotemporal configurations, mac-
rophage polarization remains a complex phenomenon.
Moreover, future research efforts aimed at elucidating the
underlying molecular mechanisms will contribute to our
understanding of how biophysical features regulate
macrophage functions in HCC, as well as expanding to
other cancers. By unraveling these mechanisms, we can
explore ways to modulate biophysical cues to manipulate
macrophages and improve cancer treatment. This can be
achieved through interdisciplinary collaborations among
clinical oncologists, cancer biologists, immunologists,
tissue engineers, and bioinformaticians. By leveraging
computational and mathematical modeling, multifactorial
deep machine learning model, and using large quantities
of imaging data, liquid biopsy data, and gene/single-cell
sequencing data, we can comprehensively evaluate the
characteristics of the patient’s physical TME. Such an
approach will contribute to a thorough understanding of
the synergistic effects of biochemical and biophysical
features in the TME during carcinogenesis, ultimately
leading to enhanced therapeutic outcomes for HCC.
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