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Disease progression is usually accompanied by changes in the biochemical
composition of cells and tissues and their biophysical properties. For

instance, hallmarks of cancer include the stiffening of tissues caused by
extracellular matrix remodelling and the softening of individual cancer
cells. Inthis context, accumulating evidence has shown thatimmune

cells sense and respond to mechanical signals from the environment.
However, the mechanisms regulating these mechanical aspects ofimmune
surveillance remain partially understood. The growing appreciation for

the ‘mechano-immunology’ field has urged researchers to investigate how
immune cells sense and respond to mechanical cues in various disease
settings, paving the way for the development of novel engineering strategies
that aim at mechanically modulating and potentiating immune cells for
enhanced immunotherapies. Recent pioneer developments in this direction
have laid the foundations for leveraging ‘mechanicalimmunoengineering’
strategies to treat various diseases. This Review first outlines the
mechanical changes occurring during pathological progressionin several
diseases, including cancer, fibrosis and infection. We next highlight the
mechanosensitive nature ofimmune cells and how mechanical forces
govern theimmune responses in different diseases. Finally, we discuss how
targeting the biomechanical features of the disease milieu and immune cells
isa promising strategy for manipulating therapeutic outcomes.

Disease progression is often associated with dynamic changes in
mechanical properties at cellular and tissue levels. Such mechanical
aspects of disease progression have been extensively studied in various
pathological conditions, including cystic fibrosis', viral’ and bacterial®
infections, inflammation* and cancer®. Evidence shows that immune

cells experience and respond to passive and active mechanical forces
throughout their lifecycles. These mechanical forces have important
roles in regulating the development, activation, migration, differen-
tiation and effector functions ofimmune cells®. In particular, growing
evidence hasshown that T cells are mechanosensitive’. Upon cognate
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BOX1

Relevant technologies for mechanical immunoengineering

Full dissection of the mechano-surveillance mechanisms inevitably
relies on accurate methods for measuring forces. A plethora of in vitro
techniques, such as micropipette aspiration, atomic force microscopy
(AFM) and biomembrane force probe, have been available for measuring
the mechanical properties of single cells, tissues and interaction forces
between cells”". Although extensively used to highlight differences in
mechanical properties between healthy and diseased cells and tissues,
these technigues suffer from low throughput. More recently, microfluidic
approaches have been developed to address this issue and allow
high-throughput mechanical single-cell measurements. The development
of real-time deformability cytometry (RT-DC) now allows to probe instant
deformation and elasticity of cells at high throughput?? and should
soon expand its potential to allow fast measurements of viscoelastic
properties”. The techniques mentioned above are all perfectly
compatible with ex vivo measurements of patient-derived samples.
While certainly more challenging, probing forces and mechanical
properties in vivo has a bright future ahead owing to recent
technological breakthroughs. Brillouin microscopy has emerged to
allow extraction of elastic and viscous properties of living tissues” and
has been applied for mapping mechanical properties of cancer nodules
in three dimensions®”. Particle-tracking microrheology has been used
to compare how mechanical properties of normal versus carcinoma
cells evolve in living mice”®. Hydrostatic pressure of fluid-filled cavities
can be directly measured via the insertion of pressure-measuring
micropipettes. Such methods were initially designed to measure
pressure inside blood vessels?” and can now be applied to measure
cytoplasmic pressure in single cells”®. Optical tweezers have been
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used to quantify haemodynamic and adhesion forces in the zebrafish
embryo model?®. Slightly invasive methods based on inclusion of
deformable probes such as microdroplets/microbeads can quantify
the mechanical stress acting on cells within living tissues®°**. Likewise,
a recently developed microparticle-based platform was injected into
tissues, allowing the characterization of the force profile of individual
T cells in vivo®®. Férster resonance energy transfer (FRET) tension
sensors provide mechanical stress quantification when coupled with
intravital imaging. These molecular springs can be genetically encoded
in living cells/tissues, which then emit fluorescence that reports the
local mechanical tension?*%*, Such sensors have notably been used
to quantify intercellular tension within endothelial cell monolayers
exposed to fluid shear stress?®. Similarly, viscosity can be followed

in vivo by using molecular rotors that will adjust their conformational
states upon viscosity changes®®*?. Finally, breakthroughs in in vivo
mechanical measurements have benefited researchers and found
applications in the clinic. Novel diagnostic tools such as acoustic
radiation force impulse® or magnetic resonance elastography??®
have allowed the probing of mechanical properties of patient-derived
tissues in the clinic. In addition, recent progress in tissue mechanical
dissociation coupled with RT-DC approaches will allow rapid probing of
mechanical properties of surgically removed cells. This will help clinical
decision-making during extemporaneous histological analysis?®.
Fine-tuning, spreading and combining these novel techniques will
allow researchers to measure and investigate mechanical forces in

the context of immune surveillance at all relevant scales, from whole
tissues to single force-bearing receptors at immune synapses.
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Relevant technologies for mechanical immunoengineering. a-c, A wide range of techniques are available to researchers for investigating
environmental mechanics, interaction forces and cell properties in vitro (a), ex vivo (b) and in vivo (c).
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antigenrecognition, T cells form a well-defined nanostructure at their
interface with antigen-presenting cells, called theimmunological syn-
apse (IS). T cellsand their target cells are known to engage in extensive
mechanical exchanges at the IS, which have been possible to investigate
through the development of multiple nanotechnologies (see Box 1
on techniques). Both mouse and human CD4" T cells are activated to
higher extents and secrete more effector cytokines when seeded on
stiff substrates® ™. T cells exert mechanical forces to potentiate the
killing of cancer cells™. In addition, T-cell-mediated lysis of tumour cells
isenhanced when cancer cells are stiffened and decreased when they
are softened” . These results provide solid evidence that mechanical
aspects of pathologies do indeed impact immune responses.
Currently, most immunotherapies target biochemical cues of
diseased tissues and immune cells. However, the growing apprecia-
tion of the mechanobiology ofimmune cells offers a good foundation
for developing new engineering strategies aiming at mechanically
modulatingimmune cells or target cells for enhanced therapies against
various diseases. For example, emerging studies have been aiming at
stiffening cancer cells to sensitize them to immune surveillance'*".
Expanding this concept to engineering strategies focusing on the
mechanical modification of immunity-disease interactions shows
enormous promise for developing next-generationimmunotherapies.
Here we first review the mechanical changes during pathological pro-
gressioninseveral diseases, including cancer, fibrosis and infection. We
then highlight the mechanosensing abilities of immune cells and the
mechanosensitive nature of theimmune response in various patholo-
gies. Finally, we discuss how targeting the mechanical features of the
disease milieu and immune cells is a viable strategy to enhance cur-
rentimmunotherapies. We also highlight several challenges yet to be
addressed in this emerging field of ‘mechanicalimmunoengineering’.

Altered mechanicsin disease initiation and
progression
Cancer
Mechanical changes in tissues constitute a signature trait of solid
tumour pathologies that has long been exploited for diagnosing
diseases, notably in breast cancer cases where mechanical probing
of the tissues is routinely performed (palpation, mammography or
elastography) (Fig. 1a). The mechanisms underlying the stiffening of
tumour tissues and their metastatic secondary foci are well under-
stood and have been expertly reviewed in the past®. Increases in the
synthesis of matrix proteins, collagen crosslinking, integrin clustering
and focal adhesion are the main contributors to extracellular matrix
(ECM) remodelling. This is caused mainly by the concerted action of
stromal cells and tumour growth-mediated solid stress, which leads to
the stiffening of cancer tissues'®'®, The pro-inflammatory environment
oftheinitial malignant progression also sustains ECM stiffening. More
specifically, cytokines and chemokines released by innate immune cells
actin a paracrine way on stromal cells, driving their differentiation
into ‘activated fibroblasts’ bearing a myofibroblast-like phenotype®”.
These ‘activated fibroblasts’, collectively named cancer-associated
fibroblasts (CAFs), express higher levels of a-smooth muscle actin and
collagen, and acquire greater contractile and proliferating capacities.
Deposition of astiffand non-elastic ECM in cancer results inimpeded
diffusion of chemotherapeutic molecules*** and hinders infiltration
of immune cells?, which are key features of malignant progression.
Other noteworthy changes during this desmoplasticreactioninclude
disorganized and leaky vascularization. This results in a subsequent
imbalance of interstitial fluid pressure, further preventing efficient
delivery of chemotherapeutic molecules to the tumour®.
Surprisingly, the stiffening at the scale of cancer (or metastatic)
tissues can hardly be arepresentation or aconsequence of the stiffness
level of individual tumour cells. Although tumour tissues are stiffer
than healthy tissues, it is so far widely accepted that tumour cells are
softer than their healthy counterparts®*. Consistently, nanomechanical

profiling of tumour tissues has shown intratumoural stiffness to be
highly heterogeneous compared with healthy tissues, with tumour
cells constituting the softest spots of the probed cancer tissues®. As
such, two very distinct scales must be considered when discussing
mechanical changesin cancer diseases: (1) the whole-tissue scale, where
solid cancer tissues, in general, are known to be stiffer than healthy
tissues, and (2) the single-cell scale, where individual tumour cells are
often thought to be softer than healthy cells. However, whether the
consensus on the softer mechanical phenotype of single cancer cells
istruly relevant remains debatable, as proper in vivo demonstrations
have beenlacking. As such, the potential link between the mechanical
properties of tumour cells and disease progression remains unclear,
despite some evidence hinting that both parameters probably affect
each other. In addition, stromal components of tumours (fibroblast
andimmune cells mostly) are active elements from amechanical stand-
pointand contribute to physical aspects of tumour progression, whose
targeting offers a promising future for cancer therapy®.

We recently speculated that cancer cells are not simply ‘softer’
butrather mechanically ‘dynamic and adaptable’, afeature that would
undoubtedly grant them an important advantage for completing
the metastatic cascade”. Accumulating evidence suggests that the
mechanical properties of tumour cells confer a selective advantage
inalmostall the steps of cancer progression. A study investigating the
link between mechanical phenotype and tumourigenicity of cancer
stem cells found that only soft cancer stem cells could lead to primary
tumour initiation®. This suggests that the mechanical properties
of tumour cells are critical at the earliest stage of cancer progres-
sion. Tumour cells that later find themselves inside a growing primary
tumour are subjected to increasing compressive stress levels and pro-
liferate more efficiently by becoming spherical and stiffening their cell
cortex”. Cancer cells that subsequently become invasive and escape
the primary tumour site are softer and are subjected to gene expression
changes associated with the epithelial-mesenchymal transition®’.Such
asofter mechanical phenotype facilitates migration through the ECM,
asthis process often requires extensive cell and nucleus deformation®.
Duringintravasation, circulating tumour cells (CTCs) face drastic envi-
ronmental changes. As their diameter is generally substantially larger
thanthat of normal circulating cells, such as leukocytes, CTCs are more
prone to shear-stress-induced destruction in mechanically hostile
blood flow*. To cope with haemodynamic forces, CTCs have been
shown to undergo stiffening and improve their chances of survival®.
Tumour cells might again get softer once they have stably arrested and
require performing extravasation through diapedesis®*. Such an exam-
ple ofadynamic adaptation mechanism to perform extravasation has
recently been observed for primordial germ cells in avian embryos™.
How mechanical properties of tumour cells evolve after extravasation
remains largely unknown at this stage. However, one study suggested
that freshly extravasated pericyte-like tumour cells might stiffenin a
yes-associated protein (YAP)-and myocardin-related transcription fac-
tor (MRTF)-dependent manner to facilitate colonization of perivascular
niches®®. Such post-extravasation mechanical adaptation may impact
orbeimpacted by the state that tumour cells might enter next: dormant
or proliferative. In conclusion, the mechanical plasticity of tumour cells
is an additional hallmark of metastatic progression.

Viral and bacterial infections

Similarly to cancer, two scales must be considered when discussing
mechanical changes associated with viral and bacterial infections
(Fig. 1b). Indeed, at the intracellular scale, bacteria and viruses can
hijack the cytoskeleton of host cells to enhance transportation to the
cytoplasm where they will replicate and assemble. In addition, bacte-
ria and viruses can promote local actin polymerization to generate a
mechanical force facilitating their progression. This phenomenon
applies to several viruses, such as coronavirus® and respiratory syn-
cytial virus®®. Cytoskeleton changes do not occur exclusively in the
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host cellsinfected by viruses (that is, angiotensin-convertingenzyme @ Cancer
2-positive cellsin the case of severe acute respiratory syndrome coro-
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navirus 2), but also in the immune cells at the infection site. Indeed,a  Therapeutic cell
t study showed lymphocyte stiffening due to the clinical syn- ™ --|" Haemodynamic
recent study showed lymphocyte stiffening due to the clinical syn et N

drome of coronavirus disease 2019%. Like cancer cells, pathogens, and
more specifically bacteria, can also be affected by fluid shear stress***!
and develop strategies to resist it*%.

At the whole-tissue scale, bacteria and viruses can alter the bio-
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impact tissue stiffness, such as scarring and eventually fibrosis*°.
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Increases in collagen and glycosaminoglycan depositions in the ECM
promote the development of non-contractile fibrotic areas, leading to
progressive tissue stiffening, which is a hallmark of fibrotic diseases.
Indeed, various studies have shown that the elastic modulus of lung®,
liver? and kidney™ tissues increased upon fibrosis when compared
with healthy tissues. Several diseases, such as myocardial infarction,
inflammatory cardiomyopathy or non-alcoholic fatty liver disease, can
evolve into fibrosis****. A chronic inflammatory state can also occur
with ageing. Indeed, unresolved systemic inflammation is a hallmark
ofimmune ageing™®. This persistent low-grade inflammation can lead
to arteriosclerosis characterized by a stiff and thickened artery wall,
resulting in the decline of cardiac function®.

Although more workisneeded to understand how matrix stiffness
regulates tissue fibrosis comprehensively, accumulating evidence
indicates that stiffening of connective tissue directly contributes to
the progression of the fibrosis by promoting three fundamental profi-
brotic mechanisms: (1) mechano-activation of myofibroblasts through
mechanotransduction pathways, (2) integrin-mediated activation of
latent transforming growth factor 1 (TGFf1), and (3) activation of
non-canonical TGFB1signalling pathways. Mechanically induced acti-
vation triggers myofibroblast secretion of multiple types of ECM pro-
tein as well as matrix-crosslinking enzymes, resulting in amore stable
and stiffer ECM¥. This effect results ina positive feedback loop, leading
to persistent cellular activation and fibrosis*®. Moreover, reinforced
activation of myofibroblasts also leads to upregulation of a-smooth
muscle actin, further increasing their contractility”. As aresult of this
hypercontractile state, myofibroblasts exert higher traction forces
onthestiff fibrotic ECM, which leads to more matrix remodelling and
stiffening and integrin-mediated latent TGFf31 activation (integrin
avP6, avps and avPl), thus completing the fibrosis amplification
loop®’. Consequently, matrix stiffening in fibrosis should not simply
beviewed as aby-product but as akey initiator and regulator of profi-
brotic fibrogenesis®.

Mechanosensing and mechanotransduction of
theimmune system

Immune cells respond to various biochemical signals arising from
pathogen-associated molecular patterns or specific activating ligands
expressed at the surface of infected or transformed cells®”. These signals
are first detected by sentinel cells of the innate immune system, such
as macrophages, dendritic cells (DCs) and natural killer (NK) cells.
The innate immune system recognizes biochemical signals quickly
through germ-line-encoded pattern-recognition receptors (PRRs) and
other cell surface molecules, orchestrating inflammatory responses®.
The effector functions of innate immune cells further drive adaptive
immune responses by recruiting and activating T and B cells®*. Pro-
fessional antigen-presenting cells (APCs) expressing co-stimulatory
molecules (CD80, CD86 and so on) prime T cells by presenting them
cognate antigens as peptides bound to major histocompatibility com-
plex (MHC) molecules®*.

Inaddition to their biochemical activation,immune cells encoun-
ter numerous forces as they circulate throughout the body to perform
immunosurveillance and effector functions. Accumulating evidence
shows that immune cells are sensitive to mechanical stimuli, such as
shear stress, hydrostatic pressure and tension of their surrounding
environment. Such forces are sensed and converted from mechanical
cues to biochemical signals, thus activating cellular pathways and
influencing their function. Current understanding of the mechano-
sensing of immune cells has been enabled largely by in vitro models
of ligand-coated artificial substrates (for example, polydimethylsi-
loxane (PDMS), polyacrylamide gels, beads) that allow the decoupling
of biophysical cues and biochemical signals involved in the interac-
tions of immune cells with their environment and target cells®>*®. As
the physical properties of their surrounding microenvironment are
essential toimmune cell function, PDMS hydrogels offer anideal model

to manipulate and test the impact of stiffness®’. Yet, the stiffness of
PDMS gels typically spans from100 kPato 10 MPa (ref. 68), whereas the
physiological stiffness normally ranges from100 Pa (brain) to100 kPa
(carcinoma), except bones®. Therefore, polyacrylamide gels (typical
stiffness ranging from 10 kPa to 10 kPa) might be more suitable to reca-
pitulate the physiological stiffness of tissues’. Nevertheless, efforts are
needed to generate models that better mimic the dynamic mechanical
environment and cellular stiffness to model cell-cell interactions.

Monocytes and macrophages

Monocytes and macrophages areimportantinnate immune cells that
have a pivotal role in the initial recognition and elimination of patho-
gens through phagocytosis and/or cytokine secretion. Monocytes
circulate in the peripheral blood for approximately one to three days
and then migrate into tissues throughout the body where they differ-
entiate into macrophages and DCs”'. As these cells scout the body using
body fluids, they are subjected to hostile fluid forces. For example,
patrolling monocytes can sense haemodynamic forces, such as fluid
shear stress, through mechano-gated ion channels’>”>. The responses
of circulating monocytes to high shear stressinclude enhanced adhe-
sion, activation of CD11bintegrin, phagocytosis and pro-inflammatory
cytokine secretion™.

Macrophages are terminally differentiated monocytes that reside
in tissues, actively sensing their surroundings and launch effector
responses accordingly. Macrophages are markedly affected by the wide
range of phagocytictargets (pathogens, cancer cells, apoptoticbodies
and so on) and their mechanical parameters”~’. Macrophages sense
opsonized target stiffness through the Fcy receptor, triggering integrin
localizationinto the phagocytic cup. This further allows macrophages
to close the phagocytic cup and complete phagocytosis’™. Further-
more, target stiffness can overpower the signal-regulatory proteina
(SIRPa)-CD47 ‘don’t eat me’ signal’. Inaddition to phagocytosis, sub-
strate stiffnessisinstrumental in tuning macrophage migration”” and
differentiationinto anti-inflammatory (‘M2like’) and pro-inflammatory
(‘M1like’) phenotypes’”. Multiple research groups have shown that
macrophages cultured on soft substrates have reduced inflamma-
tory activation compared with those cultured onstiff surfaces’. Mac-
rophages can sense their substrate’s mechanical properties through
integrins” and ion channels, such as PIEZO1 and transient receptor
potential vanilloid 4 (TRPV4). The stiffness of the substrate favours
the influx of Ca®* ions through PIEZO1, a mechano-gated ion channel,
and subsequent nuclear factor kappa B (NF-kB) activation and secre-
tion of inflammatory cytokines leading to a more prominent ‘M1 like’
inflammatory phenotype”.

Furthermore, the concerted action of PIEZO1and TLR-4 is neces-
sarytoachieve innate responses against pathogens, including phago-
cytosis, reactive-oxygen-species production and bacterial clearance®.
Inaddition toion-channel-mediated mechanosensing, yes-associated
proteinandits functional partner, the transcriptional co-activator with
PDZ-binding motif (YAP/TAZ) signalling orchestrates the response of
macrophagestobiophysical cues. Indeed, the translocation of YAP/TAZ
tothenucleus, whichallows the regulatory activity of downstream gene
expression, isimpacted by ECM stiffness®’. When modelledinvitro, the
stiffness of the culture substrate regulates the nuclear translocation
of YAP and its downstream functions in various cell types®****. In par-
ticular, macrophages cultured on hydrogels with a stiffness of 20 kPa
or more have increased nuclear YAP, enhancing their response to the
inflammatory agonist lipopolysaccharide®*.

Dendritic cells

DCs are the dominant population of professional APCs that pre-
sent antigens to naive T cells and B cells®. Activation of DCs by their
endogenous PRR or other inflammatory mediators leads to the over-
expression of specific activation markers, such as CD80, CD83, CD86,

and MHC class 1 and class II. In addition to biochemical stimuli®®~8,
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DCs sense mechanical cues through ion channels, integrins and the
YAP/TAZ pathway, influencing DC biology (migration, antigen uptake,
IS formation)®°°, Shear stress activates mechano-gated ion channels
of circulating DCs, inducing high expression of activation markers
MHC classland CD86°' and forming podosomes, whichimprove their
adhesion and migration abilities”*%. Once infiltrated in the inflamed
stiff tissue, DCs adjust their activation levels and cytokine secretion.
DCs cultured on stiff substrates show high YAP/TAZ nuclear translo-
cation, leading to enhanced expression of downstream genes regu-
lating DC activation, co-stimulatory molecule (that is, CD80/CD86)
expression, proliferation and metabolism®. In addition, DCs modulate
their antigeninternalization and presentation capacities according to
substrate stiffness’>”*. A partial explanation canbe foundin the recent
description of substrate stiffness responsiveness of the C-type lectin
receptors, which are essential for antigen internalization by DCs***.
Other studies show that DCactivationthrough antigen uptake increases
their cortical stiffness without necessarily increasing the expression
of their maturation markers’. Thus, increased DC cortical stiffness
is an additional feature of maturation that further lowers the antigen
concentration threshold needed for efficient T-cell activation™. Indeed,
actin cytoskeleton changes in mature DCs restrain the intercellular
adhesion molecule (ICAM) lateral mobility, which promotes T-cell
priming via affinity regulation of the lymphocyte function-associated
antigen1(LFA-1) expressed by interacting T cells”. Finally, stiffness of
the environmentimpacts mechano-gatedionchannels thatregulate the
secretion of polarizing cytokine interleukin-12 (IL-12) by DCs, resulting
in T helper cell 1 (T,1) differentiation, inhibition of regulatory-T-cell
lineage commitment and tumour growth inhibition®.

Lymphocytes (T cells, NK cells and B cells)

Upon scouting throughout the body, lymphocytes recognize charac-
teristic biochemical features that lead to their activation. Lymphoid
cells also encounter different environments in which they can sense
mechanical cues through mechanosensitive receptors, including
integrins’>'°°, ion channels (for example, TRPV4, PIEZO)'", the T-cell
receptor (TCR)'%*'°* and cytoskeletal components'®*'%, and convert
these biomechanical stimuli to biochemical signals (migration, scan-
ning, activation and so on). Emerging evidence shows mechanical cues
govern CD4" and CD8' T-cell activation and effector functions. When
seeded onstiffartificial substrates presenting CD3 and CD28 antibod-
ies, mouse and human naive CD4" T cells show higher proliferation,
metabolismand cytokine production®'%'°°, TCR-related ZAP70 and Src
kinases are phosphorylated in response to mechanosensing®'”’. The
stiffening of professional APCs also seems to enhance CD4" and CD8*
T-cellactivation”. Uponactivation, the TCR not only senses mechanical
cues of its environmentbut also exerts active pulling forces against their
antigen'*1°%1% DNA-based tension sensors (see Box 1 on techniques)
revealed that T cells harness cytoskeletal coupling to transmit 12-19 pN
forces per TCR, initiating strong T-cell activation'®*"', Co-stimulation by
CD28 further increases cellular force generation on TCR adhesions'*®.
Moreover, TCRactivationinduces the inside-out upregulation of inte-
grins, providing synergistic adhesive strength and mediating force
transmission at the IS, Other mechanoreceptors, such as PIEZO1,
also synergize with TCR mechano-activation'*. Mechano-activation
oflymphocytes by TCR signalling also triggers cytoskeleton changes,
inducing cytotoxic granule polarization and IS formation™1>15116,
Besides, cytoskeleton disruption by pharmacological small molecule
inhibitors (for example, latrunculin A, blebbistatin, nocodazole) com-
pletely abolishes immune cell stiffness-dependent activation and
cytokine secretion'*>', In that way, cytoskeleton changes act as a
second layer of mechanosensing by T cells. While naive T cells have a
stiff cortical cytoskeleton, effector T cells are typically softer, resulting
inthe formation of larger IS with APCs'**. This observation suggests that
in addition to TCR mechanosensing and force exertion, the baseline
cytoskeletal state controls T-cell responsiveness.

Similarly, NK cells sense the mechanical features of their envi-
ronment that synergize with biochemical signals to modulate their
activation and inhibition'-*"8"_Stiff substrates coated with anti-
bodies directed against LFA-1 or the natural cytotoxicity receptor
NKp30 stimulate NK-cell degranulation by recruiting phosphorylated
ZAP70 to the NK1S™*'?, Stiff substrates also induce strong clustering
of DNAX-protein 10, whose hexametric complex with NKG2D activates
signalling in NK cells®*'??, On the contrary, softer substrates impair
microtubule organizing centre polarization, lyticgranule polarization
and F-actinaccumulation at NKIS, leading to the formation of unstable
asymmetrical synapses and decreased degranulation'”>. How NK cells
sense the mechanical features of their environment is still unclear, but
arecent study leans towards mechano-gated ion channels'**.

Like T and NK cells, B-cell activation is also modulated by the
mechanical properties of their environment and partners, notably
by the stiffness of the APCs'”. Antigens presented on stiff substrates
induce higher B-cell receptor microcluster formation compared with
antigens tethered to soft substrates, leading to increased B-cell acti-
vation'”. Inaddition, B cells are also able to differentiate high-affinity
antigens from low-affinity antigens tethered on the APC by using dia-
cylglycerol kinase Cand myosin Ila to pull-out and invaginate the APC
membranes presenting high-affinity antigens'?*'¥’, Therefore, substrate
stiffness has a crucial rolein B-cell activation, affinity maturation, class
switch and antibody responses'?®'?, Although stiff substrates have
beenreportedtoinducebetter B-cell receptor clustering, high-affinity
antigen extraction and affinity maturation, soft substrates, on the other
hand, appear to be preferable for class switchand T-cell-independent
antibody responses'?. Altogether, the physical extraction of environ-
mental signals by B cells accelerates their adaptation but may also cause

the extinction of unfitted cell populations™®.

Evidence and mechanisms of mechano-immune
surveillance

Anti-infection mechano-immunology

Viruses and bacteria can modify the host mechanobiology at the single
cell or the tissue levels to evade immunosurveillance. At the host-cell
level, the mechanical evasion from immunosurveillance is often medi-
ated by aremodelling of the actin cytoskeleton. For example, upon
infection, the human cytomegalovirus expresses the pUL135 protein,
inducing remodelling of the actin cytoskeleton. Such a process is char-
acterized by actin stress fibre loss, which markedly reduces the effi-
ciency of IS formation upon recognition by immune cells™. This trait
is exploited by human cytomegalovirus to protect the host cell against
cytotoxicimmune effector cells and to promote viral proliferation. Like-
wise, bacteria can also impair IS assembly by either reducing antigen
presentation by APCs in M. tuberculosis infections' or by increasing
T-cell actin polymerization, thereby impairing the ability of T cells to
scan APCs in Shigella-mediated diarrhoeal diseases'*.

Nevertheless, actin cytoskeleton modifications can eventually
serve as damage-associated molecular patterns to activate the immune
system. Forinstance, F-actinis recognized by the dendritic cell natural
killer group receptor-1(DNGR-1) specifically expressed in DCs, leading
to cross-priming of cytotoxic T lymphocytes (CTLs) in virus-infected
mice"*. Actin polymerizationis also required to induce the NLR family
CARD domain-containing 4 (NLRC4) inflammasome and to secrete
antimicrobial molecules by bone-marrow-derived macrophages'.

While altered biophysical properties of infected cells lead to
immune evasion at the single-cell scale, pathogen-infected tissues
with altered mechanical properties at the tissue level induce potent
immune activation. Early activation of PRRs in Langerhans cells and
stromal cells activated by virus- and bacteria-derived danger signals
triggers the secretion of copious amounts of hyaluronic acid to pro-
mote oedemaand attractimmune cells to the infection site**. Mechani-
cal forces applied on immune cells when they squeeze through the
endothelium and dense ECM drive chromatin changes that promote
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inflammation and chemotaxis-related transcripts™®. At the same time,

oedema-induced tensile stress and hydrostatic pressure encountered
by innate immune cells activate their mechanosensitive ion channels
(PIEZO1, TRP and so on), priming them for bioenergetic demands
of activation and reducing the threshold required for optimal PRR
stimulation®*”*™’, Theseion channels play animportantrolein the early
immune response against infections as their depletion abrogates the
inflammatory response that clears pathogens™"'*%,

Upon immune-response progression, T cells migrate and prolif-
erate in the lymph node, which causes local stiffening and swelling'.
Lymph node tissue mechanics can be sensed by T cells, which further
promotestheir proliferation, activation and metabolism while lower-
ing the antigen dose needed to elicit effector responses'. Stiffness
of the environment can be sufficient to prime T cells, as reported in a
recent study. Indeed, T cells that crawl through stiff 40 kPa matrices
show enhanced activation, regardless of the stiffness level of the APC
that interacts with them'°°, Activated T cells will eventually migrate
to an infection site where they will experience multiple mechanical
stimuli. Notably, migrating T cells interact with secreted hyaluronic
acid through CD44, akey mechanosensitive receptor involved in T-cell
extravasation'’. Additional studies will be necessary to decipher
whether this interaction promotes or suppresses T-cell activation.
Finally, mechanical changes in tissues are reverted during infection
resolution, with dissolution of hyaluronic acid, reduced oedema and
impaired immunity to danger signals. However, chronic inflammation
cansometimes arise from a positive association of mechanical stimu-
lation, T-cell-dependent T2 cytokine (IL-4 and IL-13) and chemokine
(monocyte chemoattractant protein-1(MCP-1)) signalling, leaving a

lasting mechanical imprint at the inflammatory response site'*'.

Anticancer mechano-immune surveillance

Anticancerimmune surveillance kicks in early after malignancy and the
immune system patrolsthroughout the body toidentify and destroy nas-
centtumours'?. NK cellsand CTLs recognize transformation-associated
molecules and tumour-associated antigens expressed on the surface
of tumour cells'. Upon formation of the IS between cancer cells and
lymphocytes, lymphocytes secrete the pore-forming protein perforin,
which allows entry of death-inducing toxic granzymes and lysis of
target cancer cells™**, Although tumour cell killing had been mostly
linked to canonical signalling pathways involving receptor-ligand
recognition, recent evidence demonstrates that lymphocytes also
sense tumour-dependent mechanical cues (see the 'Mechanosens-
ing and mechanotransduction of the immune system' section) and
respond accordingly towards target cells. Upon tumour infiltration and
IS formation, NK cellsand CTLs exert up to nanonewton-scale cellular
forces towards target cells'*>'%1% The force exerted at the IS regulates
the cytotoxic responses in several ways. Mechanical cues are trans-
ducedinsidelymphocytes from the plasmamembraneinto the nucleus
through the linker of the nucleoskeleton and cytoskeleton complex.
This leads to the expression of target genes (for example, CD69, IL2,
IFNG), lymphocyte activation and the formation of amature IS'*. Forces
exerted atthelSalsodirectly influence lymphocyte-mediated cytotox-
icity by increasing membrane tension and potentiating lysis of target
cells™". During this process, surface receptors (for example, TCR, o, 3,
integrin LFA-1, NKG2D) at the IS change their conformation to form
catchbondswith their respective ligands. Such catchbonds were found
to rely on forces to achieve high affinity for their ligands'**'*¢'*", The
forces exerted at the IS heavily depend on the target cell’s mechanical
profileand compliance. Hence, it isimportant to note that the biophysi-
cal properties of the targeted tumour cells profoundly regulate the kill-
ing processes'>. We and others recently found that the softness of cancer
cells,independently of other biochemical features, acts asan ‘immune
checkpoint’ of mechanical nature (or termed ‘mechanical immune
checkpoint’), whichinduces immune evasion of lymphocyte-mediated
cytotoxicity” ™, The immune system is consequently more sensitive

to stiff(er) tumour cells, yet the mechanisms must be fully unravelled
(Fig. 2). First, stiff cancer cells may allow higher synaptic force exer-
tion by lymphocytes, which potentiates cytotoxicity by enhancing
target cell membrane tension to facilitate pore formation mediated
by perforin'>*, Second, the mechanics of target cells probably impact
the strength and morphology of the IS. Lymphocytes spatiotempo-
rally coordinate the force exertion and perforin secretion within the
synapse by forming Wiskott-Aldrich-syndrome-dependent interfa-
cial actin-based protrusions">"*4*° which could be enhanced when
encountering stiffer target cells. Third, stronger activating signalling
through lymphocyte’s mechanosensitive receptors exerted by stiffer
target cells could alsoincrease the degranulation and cytokine produc-
tion, leading to enhanced cytotoxicity'*". Once cancer cell killing is
achieved,immune cells sense the cytoskeletal contraction of apoptotic
targets and respond to this mechanosensory feedback by dissolving
thelS.SuchlIS turnoutis critical for serial killing by CTLs and apoptotic
body clearance by patrolling phagocytes™°. Altogether,immune cells,
particularly CTL and NK cells, modulate their activation and cytotoxic
functions according to the biophysical status of the cancer cells that
they probe. This biophysical angle of immunosurveillance has led to
theemergence of anew unique field of ‘mechano-immune surveillance’.

Several strategies have been reported to stiffen cancer cells for
therapeutic purposes. Cholesterol enrichment in the plasma mem-
brane reduces the cortical (plasma membrane and the underlying
dense actin network) stiffness of cancer cells”""** in many types of
cancer. One can thus envision that stiffening tumour cells by deplet-
ing membrane cholesterol with methyl-f3-cyclodextrin (Me3CD), a
cholesterol scavenger, could be a promising therapeutic interven-
tion®. Treatment with MeBCD efficiently decreased the cholesterol
levels at the plasma membrane of mouse and human cancer cells.
It further increased the target cell stiffness, and sensitized the can-
cer cells towards T-cell-mediated killing in vitro and in vivo. Impres-
sively, the combination therapy of MeCD and adoptive transfer of
tumour-specific T cellsadjuvanted withan IL-15 super-agonist (IL-15SA)
increased the rate of complete tumour eradication to 41.7% compared
with 0% in the case ofimmunotherapy alone. In another elegant study,
a subset of metastatic cancer cells was found to overexpress MRTFs,
a cytoskeletal-associated transcriptional factor known to promote
cancer migration and metastasis’®.

Interestingly, MRTF overexpression also enhances F-actin polym-
erizationand, thereby, the stiffness of cancer cells. By inducing MRTF
overexpression, the cancer cells increase their membrane tension,
becoming more susceptible to T-celland NK-cell-mediated cytotoxic-
ity due toincreased degranulation and cytokine production™. Of note,
the selective depletion of F-actinin cancer cells completely abolishes
theimmune sensitizationinduced by MRTF overexpression, confirm-
ing the biophysical basis of these observations. Similarly, treating
cancer cells with jasplakinolide, an actin polymerization promotor,
also increased the stiffness of tumour-repopulating cells, a specific
population among tumour cells that show features of self-renewal,
low differentiation, high tumourigenicity and, in particular, softness
and resistance towards T-cell-mediated killing". Therefore, the com-
bination of jasplakinolide, adoptive T-cell transfer therapy and pro-
grammed cell death protein1(PD-1) antibody improved the therapeutic
efficacy in amouse melanoma model.

Towards mechanicalimmunoengineering
strategies toimprove immunotherapies

Targeting mechanical adaptability of tumour cells

Asdiscussed above, antitumour mechanicalimmune checkpoints can
be targeted therapeutically. Indeed, soft cancer cells can be stiffened
and sensitized towards currentimmunotherapies, includingimmune
checkpoint blockade antibodies and adoptive T-cell transfer” ™
(Fig. 3). Such discovery is also clinically relevant as soft human
cancer cells also show resistance to perforin-mediated killing®.
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tumour, aselect number of cancer cells will get softer as they go through the
epithelial-mesenchymal transition (EMT) and perform invasion and migration.
They later undergo stiffening as they enter the blood flow and become CTCs.

As such, taking advantage of the optimal time windows wheninteractions
between immune cells and stiffened tumour cells are most likely to occur might
be key when establishing therapeutic strategies. Examples include NK cells
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performingintravascular clearing of CTCs and patrolling monocytes blocking
tumour cell extravasation. b, Alternatively, windows in whichimmune cells show
shortcomings could be identified to leverage mechanicalimmunoengineering
and help them overcome them. The primary tumour site with its stiffened ECM
and softened tumour cells represents a good example of such windows, with
suboptimal mechanical features for NK- and T-cell antitumour activity. ¢, The aim
should be to getimmune cells in contact with tumour cells as stiff as possible as
increased target cell stiffness favours IS formation and potentiates perforin and
granzyme-dependent cytotoxic activity of immune cells.

Moreover, patients with melanoma exhibiting constitutive actin
cytoskeleton-mediated stiffening are found to present enhanced
responsiveness toimmune checkpoint blockade therapy™. Yet, tumour
cellmechanics cannot be abinary process where softness would fully
explainand correlate with malignancy and metastatic progression. On
the contrary, we believe that cancer cells are ‘dynamic and adaptable’to
perform and survive through the multiple mechanical and biochemical
constraints they face along their path to metastasis” (as discussed in
the'Altered mechanicsindisease initiation and progression' section).
Their mechanical plasticity is anadditional hallmark of metastatic pro-
gression that is likely to impact mechano-immune surveillance with,
in theory, spatiotemporal windows in whichimmune cells can most
efficiently recognize and kill tumour cells. As CTCs may get stiffened
in response to the hostile haemodynamic forces in the circulation,
we expect them to be, at this moment, the most vulnerable to T- and

NK-cell-mediated killing, whose efficiency is likely also impacted by
shear forces'”.

Recent studies have reported that CTCs could indeed be sensitive
toimmune cell-mediated killing, which contributesin part to the inef-
ficiency of the metastatic process™ . One of them showed that NK
cellscould clear tumour cellsin the intravascular environment around
theliver site and limit tumour cell seeding at a distant site in the lung.
Thatsame study highlighted an efficient synergy between NK cells and
T cells, with the NK cells killing tumour cellsin circulation and promot-
ing T-cell recruitment, which would then restrict metastatic focigrowth
in situ™*. In addition, patrolling monocytes might also contribute to
antitumour activity in the circulation by directly scavenging tumour
materials, secreting cytokines™® and recruiting NK cells™*'*’, While
evidence of intravascular antitumour activity of immune cells exist, this
metastasis stage appears challenging to exploit because of the highly
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Fig.3|Improving therapies through mechanicalimmunoengineering of
tumours and immune cells. Immune cells, tumour cells or the ECM of the
tumour environment can be targeted using different strategies aiming at
modulating the mechanical features of the immune response. a, Potentiating
the mechanical activity of T cells (grey) can be achieved by enhancing their force
exertion abilities (F), increasing the stability of immune synapses composed
ofthe TCR (blue) recognizing tumour-associated antigens presented by MHC
class1 (pMHC, dark grey) and integrins, or controlling spatiotemporal activation
of key genes through novel tools (for example, microbubbles and ultrasounds
activating genes expression under the nuclear factor of activated T-cells (NFAT)
promoter). b, Inducing ECM remodelling through release of degradation
enzymes, impairing ECM crosslinking with inhibitors, or decreasing ECM protein
productionin fibroblasts canimprove immune cell infiltration to target disease
sites. ¢, Altering the mechanical properties of tumour cells (blue) to increase
force transmission at the IS and potentiate antitumour activity ofimmune

cells can be achieved by using stiffening agents such as MeBCD, or antibodies/
arginylglycylaspartic acid (RGD) targeted nanoparticles loaded with anticancer
drugor gene therapy.

dynamic movement and low frequency of tumour antigen-specific
Tcellsin the circulation™®.

Instead, stiffening tumour cells during the invasion and migra-
tion processes, at which stage they typically display soft mechanical
phenotypes, may be a promising strategy to sensitize them to T- and
NK-cell-mediated killing. Enhancing cancer cell stiffness could also
favour macrophage engulfment as the target stiffness could partially
override the SIRPa-CD47 ‘don’t eat me’ immune checkpoint’. Previ-
ous studies have shown that depleting membrane cholesterol using
MePBCD¥, activating myosin with 4-hydroxyacetophenone (4-HAP)"’
or inducing actin crosslinking with jasplakinolide™*® can stiffen can-
cer cells. However, none of these pharmacological approaches are
specific. A challenging aspect of such strategies is to find ways to spe-
cifically stiffen the tumour cells without stiffening the ECM, which
would hinderimmune cellinfiltration, possibly trigger pro-metastatic
mechanotransductionintumour cells and all-in-all be counterproduc-
tive. Tumour-targeted-nanoparticles might be a promising tool for

achieving specific stiffening of tumour cells'*°. Moreover, their own

mechanical properties can be tuned to foster their internalization in
tumour cells. Soft nanomaterials and microparticles tend to better
accumulateintumour tissues and be preferentially taken up by cancer
cells'*2, In a recent example, anticancer drug-loaded nanoparticles
were developed to target soft cancer stem cells, allowing their specific
elimination in vitro and in vivo with minimal side effects'®’. Besides,
recent studies have also demonstrated that cancer cells can be tran-
siently stiffened throughincreased F-actin polymerization uponinter-
nalization of iron oxide nanoparticles'*. Cytoskeleton alterations and
cellstiffening upon nanoparticle internalization have been described
in macrophages'® and such an approach might also be applied to
tumour cells. As an alternative mechanical intervention approach,
gene therapies for overexpression of MRTF and acyl-CoA:cholesterol
acyltransferase 1 might be promising to facilitate specific stiffening
of cancer cells"".

Targeting tumour ECM mechanics for enhanced
immunotherapy
The tumour microenvironment (TME) is known to impair anticancer
immune responses. In addition to the highly immunosuppressive
biochemical signals in the TME™, its biophysical properties play a
crucial roleinimmune cell migration and activation. During malignant
progression, increased ECM stiffness together with other biochemical
changes (for example, integrin clustering, altered chemokine pro-
file) alterinfiltration of T cells and other anticancer immune cells, and
restricts them away from tumour cell nests, which reduces their antitu-
moural capacities?'*”'8, Factors including TGF, matrix components
and integrins are known to control the mechanical properties of the
tumour ECM and its sensing by cancer cells. In addition, recent stud-
ies have shed light on how ECM mechanical properties might impact
tumour cell dormancy™®"°, Therefore, targeting actors of ECM stiff-
ness and improving the diffusion of chemotherapeutic drugs and/
orimmune cells is a therapeutic approach with clinical potential'”*
(Fig.3).Inhibiting the production of matrix components by fibroblasts
canbe achieved by blocking the TGF( profibrotic pathway. The use of
neutralizing antibodies or the repurposing of angiotensin inhibitors,
such as Losartan, has been shown to efficiently reduce collagen and
hyaluronic acid production>'”>, Collagen fibre alignment can also
bereduced by targeting the discoidin domain receptor1(DDR1) ecto-
domain with monoclonal antibodies'®. This strategy restores T-cell
invasioninto the tumour bed, resulting in remission in 56% of treated
mice bearingtriple-negative breast cancer. Conversely, DDR1has been
described to sustain tumour cell dormancy by maintaining type Il col-
lagen fibre at alow degree of alignment”°. Hence, DDR1depletionand
subsequent realignment of collagen fibres was found to be a key trait
of the dormancy-to-reactivation transition'’’. Of note, this study also
indicates thatenriching the TME with collagen Il could promote or even
induce adormantstate, thus preventing the formation of metastases'”.
Hyaluronic acid can also be reduced in the tumour ECM by using
degradative enzymes, such as the pegvorhyaluronidase alfa investi-
gated in a phase Ill clinical trial in association with gemcitabine for
patients presenting hyaluronan-high metastatic pancreatic adenocar-
cinoma (NCT02715804)"*. However, the use of hyaluronidase might
also degrade avascular cartilage. A hyaluronidase nanoformulation
showed no accumulation at these sites'””. When combined with gemcit-
abine to treat a pancreatic ductal adenocarcinoma mouse model, the
hyaluronidase nanoformulation resulted in anear doubling of overall
survival'”. The safety of use can be further improved by developing
TME-responsive nanoparticles. Reactive-oxygen-species-activatable
collagenase is selectively activated in the TME, relieving ECM stress
and increasing paclitaxel penetration’®, Degradative enzymes of ECM
components can be used to enhance adoptive cell transfer immuno-
therapies. One strategy relies on engineered chimeric antigen receptor
(CAR)-T cells secreting heparanase, which degrades heparan sulfate
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proteoglycans, one of the main components of the ECM"”. These
heparanase-secreting CAR-T cells showed improved ECM degrada-
tion capacity, which promoted immune cell infiltration in tumour
xenografts, resulting inincreased survival of treated mice'”’”. Recently,
new strategies based on the bioorthogonal modification of the surface
of immune cells to avoid viral transfection have been developed”®'”°,
CAR-T cells cultured with azide-containing saccharides allowed for
metabolicincorporationand membrane expression of azide groups for
further conjugation with dibenzocyclooctyne-modified hyaluronidase
through click chemistry™°. These hyaluronidase-modified CAR-T cells
presented better infiltration in the tumour, which correlated with
improved tumour regression and survival.

As an alternative strategy, ECM stiffness can be reduced by
preventing matrix crosslinking. Lysyl oxidase (LOX) is an enzyme
responsible for the reticulation of collagen fibres". Its inhibition by
B-aminopropionitrile allowed to overcome chemoresistance and
increase intratumoural T-cell migration, thus improving response
to anti-PD-1therapy'®"'®%. The co-encapsulation of LOX inhibitors and
epirubicinresultedin better biocompatibility and prolonged survival,
providing anall-in-one nanoparticle-based ECM-targeting chemother-
apy for cancer treatment’®’. Nanoparticle-based approaches can also
be used to assess LOX activity in the tumour ECM and allow selection
of patients that may benefit from LOX inhibitor treatments in addition
to their chemotherapy'*. Other studies have shown that LOX antibod-
ies functionalized on polymeric poly(lactic-co-glycolic acid) (PLGA)
nanoparticles efficiently decrease the expansion of breast cancer'®.

Finally, inhibiting fibroblast contractility may help to reduce
global ECM integrity. Among the different targets, the use of fasudil
to inhibit the Rho-associated protein kinase leads to loss of stress
fibres and focal adhesion complexes'®. Fasudil treatment, hence, alters
cytoskeleton-based contractility of fibroblasts, disrupting ECM integ-
rity andimproving chemotherapy effectiveness'®®. Other studies have
shown that focal adhesion kinases can be directly inhibited, reducing
ECM force transmission to the actomyosin complex, and thus reducing
cellular response to matrix mechanical cues. A focal-adhesion-kinase
inhibitor (AMP945) improved response to gemcitabine in a pan-
creatic adenocarcinoma model and is now being investigated in a
phase Il clinical trial for this indication (NCT05355298)'*". However,
these molecules can lead to life-threatening adverse events, such as
hypotension, hepatotoxicity and excessive bleeding. Efforts to develop
targeted formulations of these molecules are still required toimprove
their safety in clinics. CAFs expressing the fibroblast activation protein
(FAP) are found in nearly all solid tumours and can be depleted by
using anti-FAP CAR-T cells. Several studies have evaluated the use of
anti-FAP CAR-T cells, and it has been shown that depletion of FAP* stro-
malcells resultsin decreased tumour growthinanimmune-dependent
fashion'®3'%°_ Of interest, this strategy is also investigated to treat
post-cardiacinfraction fibrosis and to restore cardiac function'®. While
killing fibroblasts at the primary tumour site could reduce global ECM
stiffness, their destruction in target organs of dissemination could help
to maintain tumour celldormancy'. Indeed, hepaticstellate cell activa-
tionupon chronicliverinjury induces amyofibroblast-like phenotype
that further disrupts NK-cell-sustained breast cancer dormancy'’. As
FAPisalso expressed by skeletal muscle, adipose tissue and pancreas,
depleting FAP* stromal cells canlead to muscle atrophy, bone marrow
hypoplasia and rapid weight loss'*>.

Strategies to soften the ECM have been extensively studied to
enhance the diffusion of chemotherapeutic drugs into the tumour
bed and could favour tumour targeting of other therapeutics, such
asantibodies or CAR-T cells, whose access is also hindered by the stiff
ECM***, Yet, only a few studies have investigated the perspective of
ECM stiffness disruption to increase intratumoural T-cell migration
and response to PD-1blockade'®*"7715%'82, As ECM proteins cover alarge
partofthe physical barrier hinderingimmune cell migration, strategies
involving engineered CAR-T cells capable of degrading ECM proteins

are elegant due to their abilities to degrade ECM while migrating and
performing tumour cell killing. The therapeutic advantage of ECM sof-
tening inimmune checkpoint blockage and cellularimmunotherapies
remains to be evaluated. Yet, due to the potential opposite functions
of some targeted molecules, any therapeutic strategy aimed at influ-
encing the ECM architecture will require careful planning and timing.
Finally, combining these approaches with methods to control cell
mechanicsinanall-mechanics strategy, could synergistically enhance
antitumour immune surveillance.

Mechanically enhanced T- and NK-cell-based
immunotherapies

Most immunotherapies currently aim at targeting biochemical cues
of tumours and immune cells to enhance the immune response. The
emergence of the ‘mechano-immune surveillance’ concept paves the
way for developing next-generation therapeutic strategies targeting
biophysical features of immune cells to boost their functions against
various diseases. Selective delivery toimmune cells could be achieved
by targeting selective immune markers with antibody-nanoparticle
conjugates'®. One such approach of mechanicalimmunoengineering
could aimatenhancing the tumour infiltration of T cells. As described
previously, tumour ECM presents a mechanical hurdle for antitumour
immune cells to access the tumour bed***”**, One could circumvent
that by further favouring the through-matrix migration potential of
immune cells. For example, pharmacological or genetic manipulation
of microtubules of T cells increases Rho-pathway-dependent corti-
cal contractility, which favoured infiltration in a three-dimensional
environment in vitro by shifting CD4" T cells towards an amoeboid
phenotype™*. Instark contrast, microtubule stabilization with acom-
monly used drug, taxol, induced a marked reduction in T-cell infiltra-
tion abilities.

Another strategy is to enhance the mechanosensitivity ofimmune
cells. Mechanical force exertion and underlying actin remodelling are
essential for IS formation and stabilization'**"*">"¢, Indeed, treatment
of T cells with the actin polymerization inhibitor latrunculin A resulted
in complete abrogation of force exertion by T cells and consequent
loss of activation and effector functions™. In contrast, modulation of
actin polymerization-stimulating proteins at the lymphocyte/APC
interface could provide a strategy for enhancing T-cell force exertion
and thereby, possibly enhancing effector function and cytotoxicity.
A series of studies showed that CTLs with phosphatase and tensin
homologue (PTEN) knockdown show increased force exertion and
enhanced tumour cell killing in vitro'?. While CTL granule polarization
and release were unaffected by PTEN knockdown, this strategy led to
limited improvement of tumour growth control in vivo'”. Neverthe-
less, the involvement of PTEN in numerous cellular processes makes
it challenging for systemic inhibition of PTEN using pharmacological
or genetic therapies, representing a key limitationin this strategy.

As an alternative approach, one may engineer T cells capable of
developing a stable IS (Fig. 3). The canonical IS is characterized by a
concentricarchitecturein whichacentral cluster of antigen-presenting
receptors is surrounded by concentric, annular accumulations of
integrins and F-actin'*’. In contrast to the IS of the TCR:peptide-MHC
complex, the non-classical CAR IS shows less-organized structures
with diffusive CAR:antigen clustering and reduced actin distribution'®.
As the IS structure and morphology influence the effector functions,
CAR-NK cells have recently been engineered with a novel receptor
that modulates and tunes the IS to a more ordered state'”. Fusing a
second-generation CAR with the post-synaptic density protein 95, Dros-
ophila disc large tumour suppressor and zonula occludens-1 protein
(PDZ) domain of amolecule implicated in IS formation, the cytotoxic
andregulatory-T-cell-associated molecule, resulted inincreased synap-
ticareaand accumulation of pZAP70, akey kinase in T-cell signalling'®”.
Moreover, the PDZ domain enabled additional scaffolding crosslinks
between the CAR and the cytoskeleton via mediators such as ezrin.

Nature Nanotechnology | Volume 19 | March 2024 | 281-297

290


http://www.nature.com/naturenanotechnology
https://clinicaltrials.gov/ct2/show/NCT05355298

Review article

https://doi.org/10.1038/s41565-023-01535-8

Anchoring the receptor to cytoskeletal components enhanced the
avidity and binding strength of IS thus succeeding in higher antitu-
mour activity. CAR-T and CAR-NK cells were elegantly developed with
synthetic Notchreceptor (SynNotch) or apelin-based synthetic Notch
receptor toincrease their safety and expand the set of targetable anti-
gens'”®, Activation of these receptors by their cognate ligand caused
the proteolytic cleavage of their intramembrane domain, releasing a
transcriptional factor that could activate a specific transcriptional pro-
gramme (expression of a CAR, cytokines and so on)'*’. Structure-guided
mutagenesis was also used to develop new cutting-edge designs of
SynNotchreceptors capable of increasing mechanical sensitivity to the
piconewton range’®. Inresponse to varying tensile forces, these recep-
torsare expected toenacttailored transcriptional programmes. These
studies provide evidence that tuning the IS viaanchoring domains or by
repurposing SynNotch receptors toincrease mechanosensitivity might
offer an orthogonal and complementary dimension to biochemical
engineering for CAR-based immunotherapies.

Inaddition, nanoparticles canbe leveraged toimproveimmune cell
activation. Several types of artificial APC composed of nanoparticles
coated with anti-CD3, anti-CD28 or peptide-MHC complex have been
developed®'and canbe used to trigger T-cell activation and expansion
invitroby TCR clustering under amagnetic field**>**, Afteradoptive cell
transfer, these ex vivo-activated T cells showed better tumour control.
Some ultrasmall silica nanoparticles can directly ligate the TCR:CD3
complex and activate the T cells?®*. As ultrasmall nanoparticles avoid
liver accumulation and are quickly eliminated by renal clearance, they
presentvery promising clinical translation prospects. A similar strategy
has been evaluated for NK-cell activation. Magneto-activated NK cells
showincreased secretion of lyticgranules correlating with therapeutic
efficacies against hepatocellular carcinoma®*?°°, Other optomechani-
cal actuators can be used to trigger immune cell activation such as
optical systems®” or ultrasounds®*®. However, these optical systems
arepoorly transferableinvivo dueto the low light penetration through
tissues (mirometres to millimetres)?*’. On the other hand, ultrasounds
can penetrate tissues up to several centimetres. A sonic stimulus of
integrin-bound microbubbles was used to induce calcium influx*°
through PIEZO1 channels in T cells in vitro. This was followed by the
nuclear factor of activated T cells transcription factor translocation to
the nucleus, which drove expression of T-cell activation genes. Despite
the originality of this approach, in vivo translation is limited as shear
forces will probably damage or burst the microbubbles coupled to
T cells during their migration and extravasation.

Outlook

This Review has outlined the changes in cellular and tissular biomechan-
ical properties arising in several pathological processes such as infec-
tious diseases, fibrosis and, mostimportantly, cancer. We highlighted
how immune cells sense these biomechanical changes and tune their
response accordingly. The recent advances in the understanding of
disease mechanobiology impact onimmune surveillance mechanisms
gave birthtoa promising mechanicalimmunoengineering field where
additional in vivo studies in preclinical models will be instrumental
to develop efficient therapies. Preliminary studies have shown that
different approaches can leverage immune cell mechano-activation.
Nevertheless, each target should be thoroughly analysed and evaluated
for its potential for desired therapeutic applications. In the context
of cancer in particular, a further and closer inspection of tumour cell
mechanics and how it evolves and adapts throughout disease pro-
gressionis warranted to optimize the inhibitory tools. Although many
challenges arise, mechanical modulation of effectors and/or targets,
through genetic, pharmacogenetic or nanomedicine approaches is
expected to evolve and gain precision in the future. We envision that
mechanicalimmunoengineering will lead to a paradigm shiftin the
design of next-generationimmunotherapy by combining approaches
targeting biochemical and biophysical disease-immune interactions.
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