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Immune cells can sense and respond to biophysical cues —

from dynamic forces to spatial features — during their

development, activation, differentiation and expansion. These

biophysical signals regulate a variety of immune cell functions

such as leukocyte extravasation, macrophage polarization, T

cell selection and T cell activation. Recent studies have

advanced our understanding on immune responses to

biophysical cues and the underlying mechanisms of

mechanotransduction, which provides rational basis for the

design and development of immune-modulatory therapeutics.

This review discusses the recent progress in mechanosensing

and mechanotransduction of immune cells, particularly

monocytes/macrophages and T lymphocytes, and features

new biomaterial designs and biomedical devices that translate

these findings into biomedical applications.
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Introduction
Immune cells employ numerous strategies to combat

infections and maintain tissue homeostasis. They origi-

nate from hematopoietic stem cells and differentiate into

myeloid (i.e. basophils, neutrophils, eosinophils, mono-

cytes and mast cells) and lymphoid (i.e. T cells and B

cells) lineages, which have distinct roles in the innate and

adaptive immune systems respectively. Sensing and

responding to mechanical cues is critical for immune cells

to interact with their neighboring cells, surrounding
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extracellular matrix (ECM), and other cells for immuno-

surveillance and effector functions [for reviews, see Refs.

1–3].

Accumulative evidence suggests that biophysical cues, in

addition to biochemical signals, play an important role in

modulating immune cells functions. Through the process

of mechanotransduction, cells can convert external bio-

physical stimuli into intracellular biochemical signals [2],

which may lead to cytoskeletal re-organization, gene

regulation and/or epigenetic modification of chromatin

[3] (Figure 1). Many cell adhesion molecules (CAMs)

involved in cell-cell communication can serve as mechan-

osensors, including integrins, selectins and cadherins [for

review, see Ref. 4]. Integrins and focal adhesion com-

plexes are also important for cell-matrix interaction.

Another category of mechanosensor includes ion channels

for gating soluble ions such as Ca2+, Na+ and K+. For

example, a mechanosensitive ion channel, Piezo1 has

been shown to sense mechanical cues in both macro-

phages and T cells [5��,6]. Furthermore, in lymphocytes,

T cell receptors (TCRs) and B cell receptors (BCRs) are

mechanically essential for recognizing antigens and acti-

vating effector functions. Lymphocyte function-associ-

ated antigen 1 (LFA-1) is an integrin that not only

functions as a receptor for cell adhesion during migration

but also mediates T cell activation as the secondary signal

(Signal 2) where TCR and peptide-major histocompati-

bility complexes (pMHC) interaction provides the pri-

mary signal (Signal 1). Both integrin-ligand interaction

and TCR-pMHC interaction can form catch bond that

exhibits extended bond life upon tangential forces [2].

Mechanical signals on cell surface can further propagate

via intracellular structures such as cytoskeleton and

nucleoskeleton and induce the reorganization of these

structures. In addition, signaling molecules (e.g. Rho

GTPases) and transcription factors may serve as mechan-

otransducers to relay signals and regulate cytoskeleton

dynamics and gene expression. For instance, yes-associ-

ated protein 1 (YAP1) emerges as an important mechan-

otransducer for sensing a wide range of environmental

factors such as ECM rigidity, cell density, cell shape,

stretching and shear stress [for review, see Ref. 7].

In this review, we summarize recent findings on mechan-

otransduction in innate immunity and adaptive immunity

with a focus on macrophages and T lymphocytes. We

then discuss how fundamental insights into the
www.sciencedirect.com
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Mechanotransduction network in immune cells. Immune cells can sense the biophysical cues by receptors including integrins (i.e. LFA-1, Mac-1,

VLA-4), selectins (i.e. P-selectin, L-selectin), cell adhesion molecules (CAMs) (i.e. ICAM-1, VCAM), ion channels (i.e. Piezo1), cadherins and T cell

receptor (TCR). These signals can be transduced through cytoskeleton (actin, microtubule) and nucleoskeleton (e.g. lamin), and/or converted into

biochemical signaling events. The mechanotransduction process not only affects the mechanical structure and property of cell and nucleus, but

also regulates immune cell phenotypes and functions via transcriptional factors (e.g. YAP/TAZ) and epigenetic modifications.

*Abbreviation: LFA: Lymphocyte Function-associated Antigen; Mac1: Macrophage-1 Antigen; VLA-4: Integrin a4b1 (very late antigen-4); ICAM:

Intercellular Adhesion Molecule 1; VCAM: Vascular Cell Adhesion Protein 1.
mechanobiology of immune cells can inspire the design of

engineering tools, biomaterials, and drug delivery plat-

forms for tissue regeneration and cancer immunotherapy.

Mechano-regulation of innate immunity
Innate immunity consists of first-line responses against

pathogens. Macrophages fill a crucial role in the host

defense to clear pathogens and maintain tissue homeosta-

sis, which are evidently regulated by both biochemical and

biomechanical cues [for reviews, see Refs. 8–11]. Firstly,

like other immune cells, monocytes need to migrate to

inflamed sites. Mechanotransduction during cell trafficking

will be briefly discussed here as it has been widely studied

regardless of cell types and functions [for reviews, see Ref.

12,13]. Subsequently, biophysical cues in the extracellular

environment such as interstitial flow, cyclical forces,

stretching, spatial confinement as well as matrix stiffness,

can influence the activation and polarization of macro-

phages, which will be the focus in this review.

Cell trafficking

Throughout their lifetime, immune cells exert and

receive mechanical stresses as they travel through the
www.sciencedirect.com 
circulation, attach to the blood vessel wall, and extrava-

sate into local tissue niches (Figure 2a–c, see figure

legends for detailed description) [2]. Immune cells

express integrins, selectins and chemokine receptors to

interact with the ligands on endothelial cells (ECs) or

respond to a chemical gradient for adhesion and transmi-

gration. Mechanotransduction enables the process of

monocytes extravasation and lymphocytes homing. Addi-

tionally, cytoskeletal proteins such as actin and non-

muscle myosin II mediate rapid changes in cytoskeletal

architecture on the timescale of seconds, a response rate

essential for the motility of immune cells. While macro-

phages mainly adapt mesenchymal migration mediated

through specific cell-ECM adhesion, amoeboid migration

that lacks substantial cell-ECM attachment is an alterna-

tive migration mode in three-dimensional (3D) ECM

[13].

Macrophage deformability

Soluble biochemical signals such as endogenous hor-

mones and foreign pathogens are capable of triggering

mechanical changes and influencing cellular behaviors

(Figure 2d). For example, stress hormones —
Current Opinion in Biotechnology 2020, 66:236–245
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Figure 2
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Mechanical factors regulate immune cell functions. (a) Because of the flow of body fluids, cell experiences rolling and steering. (b) Actin

polymerization happens at the leading edge of the cell; constant retrograde flow of actin and myosin contraction propels the cell for migration.

Interaction of integrins and formation of focal adhesion are important characteristics for adhesion-dependent mesenchymal migration. Some well-

known receptor-ligand pairs involved in the adhesion on endothelial cells (ECs) include LFA-ICAM-1, Mac1-multiple ligands, VLA-4-VCAM, P-

selection-PSGL-1, CCR2-CCL2, CCR5-CCL5. (c) Neutrophils and monocytes navigate via blood circulation and extravasate through the capillary

epithelium to a specific inflammatory site for clearance of pathogen. T lymphocytes are also squeezed through cell-cell junctions when trafficking

through the high epithelial venules. (d–f) Examples of mechanotransduction involved in innate immunity such as (d) macrophage deformability, (e)

macrophage polarization and (f) macrophage phagocytosis. (g–i) Example of mechanotransduction in adaptive immunity such as (g) T cell

selection in the thymus, (h) T cell activation and (i) Cytotoxic T cell killing.

*Abbreviation: PSGL-1: P-selectin glycoprotein ligand-1; CCR: C-C chemokine receptor; CCL: Chemokine (C-C motif) ligand.

Current Opinion in Biotechnology 2020, 66:236–245 www.sciencedirect.com
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epinephrine and norepinephrine — govern fight-or-flight

responses by modulating muscle contraction [14]. Stress

hormone activation of the b-adrenergic receptor (b-AR)
signaling pathway further impacts macrophage mechan-

obiology, decreasing the deformability of macrophage

cells through the rearrangement of branched filamentous

actin in the cortical region [15]. Such a decrease in cell

deformability induced by b-AR activation is also associ-

ated with an increase in macrophage phagocytosis and

chemotaxis [15]. Moreover, environmental pathogens can

change host cell mechanotypes. For example, the activa-

tion of nucleotide-binding oligomerization domain-like

receptors (NLRs) by Salmonella infection, especially

NLRC4, results in reduced cell deformability of mouse

bone marrow-derived macrophages as determined using

an optical stretcher [16]. The resultant cell stiffening in

response to NLRC4 inflammasome activation prevents

further uptake and bacterial dissemination [17]. Taken

together, these studies suggest that the modulation of cell

mechanotypes by soluble external cues from the host or

pathogens can regulate macrophage functions during

physiological and pathological conditions.

Macrophage polarization

Guided by chemokines and cytokines, macrophages can

polarize into different phenotypes such as pro-inflamma-

tory (M1) or pro-healing (M2) (Figure 2e). Physiologically

relevant forces due to interstitial flow and hydrostatic

pressure may regulate the polarization of macrophages. In

most solid tumors, tumor-residing macrophages experi-

ence elevated levels of interstitial fluid flow compared to

normal tissue [16]. Interstitial flow polarizes mouse bone

marrow-derived macrophages towards a M2-like pheno-

type via integrin/Src-mediated signaling [18]. Mimicking

mechanical cues that are experienced by macrophages in

the lung, cyclical hydrostatic pressure initiates an inflam-

matory response via the mechanically activated ion chan-

nel Piezo1 [5��, for additional stretch effects on macro-

phages, see Ref. 10].

In addition to dynamic forces, spatial confinement mod-

ulates the polarization and function of macrophages.

Macrophages adopt different geometries in vivo [19].

The confinement of macrophages using cell crowding,

3D microwells, or 2D micropatterning to limit their

spreading results in the suppression of pro-inflammatory

gene expression profile by reducing actin polymerization,

lowering the nuclear translocation of myocardin-related

transcription factor-A (MRTF-A), and modulating epige-

netic modification and chromatin compaction via upre-

gulation of histone deacetylase-3 (HDAC-3) [20��]. Using

a similar 2D micropatterning approach to control macro-

phage cell shape and elongation without exogenous cyto-

kines leads to the expression of M2 phenotype markers

[21�]. Such shape-induced polarization is abrogated when

actin and actomyosin contractility are inhibited by phar-

macological agents, suggesting a role of the cytoskeleton
www.sciencedirect.com 
and/or cell geometry in regulating macrophage polariza-

tion [22].

The mechanical environment — including the stiffness of

the surrounding tissue or matrix — is another source of

biophysical cues that modulate immune responses. The

elastic modulus in different tissues can vary from a few

kilopascals (kPa) in bone marrow and brain to several

megapascals (MPa) in cartilages and bones [23]. On stiff

polyacrylamide hydrogels (323 kPa), THP-1 derived

macrophages are primed towards a pro-inflammatory

phenotype with impaired phagocytosis, while soft (11

kPa) and medium (88 kPa) stiffness prime cells towards

an anti-inflammatory, highly phagocytic phenotype [23].

Soft substrates (4 kPa) result in suppressed expression of

M1-related genes while increasing selected M2-related

genes in THP-1 cells compared to stiff substrate (>10

MPa) [24]. Interestingly, substrate stiffness can influence

M2 polarization indirectly via modulating paracrine func-

tion of mesenchymal stem cells (MSCs). Human MSCs

(hMSCs) cultured on soft substrates produced signifi-

cantly higher levels of immunomodulatory and trophic

factors compared to hMSCs cultured on rigid substrates,

which result in M2 polarization of macrophages [25].

Phagocytosis

As professional phagocytes, macrophages must identify,

catch and engulf pathogens. Stiffness, shape and size of

the prey can all influence the formation of the phagocytic

cup. Generally, increasing the size of preys is the most

effective way to catch macrophages’ attention [8]. Stiffer

preys can more efficiently initiate phagocytosis, and such

phenomenon is more significant in rod-shaped rather than

spherical particles [8]. These trends may relate to how

easy to establish receptor-ligand interaction between the

macrophage and the invader and how well the macro-

phage can exert forces through the actin filaments and

microtubules. Once the macrophage catches a surface-

bound pathogen, they exploit single fimbrium-filopodium

contacts to anchor pathogens via catch bonds, helping

them extend the bond life and hold onto the prey

(Figure 2f) [8].

Mechano-regulation of adaptive immunity
Adaptive immune responses — mediated by lymphocytes

— are also modified and potentiated by mechanical cues

at the molecular, cellular, and tissue level. Because of the

highly mechano-sensitive interactions of TCRs with

pMHC on the surface of antigen presenting cells (APCs),

mechanotransduction is crucial during T cell selection,

development, activation, and, effector function [for

reviews, see Refs. 26–28]. Advances in single-cell experi-

mental tools have aided greatly in expanding our under-

standing of TCR mechanotransduction [for reviews, Refs.

1,29]. Here, we highlight recent advances in our under-

standing of mechanobiology at different stages of a T

cell’s life cycle.
Current Opinion in Biotechnology 2020, 66:236–245
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T cell selection

Unlike innate immune cells that express a fixed set of

pattern recognition receptors, the T cell population has a

diverse set of TCRs, allowing for recognition of foreign

peptide antigens from pathogens. After rearrangement of

TCRs via V(D)J recombination, positive and negative

selection in the thymus interacting with cortical thymic

epithelial cell (cTEC) ensures that T cells possess TCRs

that can interact with the specific MHC molecules with

appropriate force-dependent binding affinity. Interest-

ingly, the mechanotransduction mechanisms mediating

positive and negative selection are distinct, with slip

bonds dominating during positive selection and catch

bonds induced during negative selection (Figure 1g)

[30��].

T cell activation

T cell activation requires the recognition of cognate

pMHC on the surface of APCs by TCRs, generating

cytoskeleton tension through nucleation of actin foci

via Wiskott–Aldrich syndrome protein (WASP) and con-

traction of the resultant actin filaments by myosin II and

leading to formation of immune synapses (Figure 1h)

[31�].

T cells must maintain a low enough activation threshold

to rapidly scan secondary lymphoid organs for scant, low-

affinity foreign antigens, yet high enough to prevent

autoimmune responses to self-antigens. The magnitude,

duration, frequency, and timing of triggering forces on

TCRs all contribute to a ligand-discrimination process

that determines whether T cell activation will occur.

TCR triggering is recognized as a nonequilibrium process

that requires energy [32]. More details on the role of

physical forces on T cell triggering have recently been

revealed, as factors such as types of bond (i.e. catch, ideal

versus slip [28]) and types of motion (i.e. stable synapses

versus motile kinapses [33]). Stimulatory and non-stimu-

latory ligands can bind to TCRs with similar affinity, but

only stimulatory ligands form catch bonds, which

strengthen during disengagement and couple binding

to signaling [34]. At the level of a single TCR-pMHC

interaction, agonist, but not antagonist, ligands can sus-

tain mechanical force to generate a conformational

change of the heavy chain of MHC class I [35]. Such

mechano-chemical coupling on molecular level provides a

mechanism for TCR-pMHC catch bond formation [36��].
Triggered by antigen, Further, serial engagement with

repeated pulling on TCRs is suggested to be required for

T cell activation [36��; a review on serial engagement, see

Ref. 32]. Taken together, bond lifetime, conformational

changes and serial engagement all play important roles in

TCR antigen recognition and T cell activation, but the

detailed mechanism still needs further investigation.

Moreover, the flexibility of T cells — which reflects the

stiffness of their cortical cytoskeleton — governs
Current Opinion in Biotechnology 2020, 66:236–245 
signaling differences in naı̈ve versus effector T cells.

Activated CD4+ helper T cells exhibit increased deform-

ability of their cortical cytoskeleton, which allows larger

immune synapses to be formed with APCs compared to

naı̈ve T cells. The stiffer actin cortex in naı̈ve cells is

associated with greater basal activity in the RhoA-ROCK

(Rho-activated kinase)-LIMK (LIM kinase) axis, result-

ing in decreased activity of the actin-severing enzyme

cofilin [37]. In addition to cell rigidity, cytoskeletal

dynamics alter TCR binding during activation. The

velocity of retrograde actin flow during immune synapse

formation was shown to be correlated with TCR binding

kinetics [38].

At the cellular and tissue level, T cells can sense the

mechanical properties of their environment. Stiffer

(40 kPa) 3D hydrogel matrices augment CD4+ T cell

proliferation, activation and migration compared to softer

matrices (4 kPa) [39]. Mechanistically, on stiffer sub-

strates, YAP mediates enhanced translocation of nuclear

factor of activated T cells (NFAT) into the nucleus,

resulting in increased T cell activation and effector func-

tion [40]. Interestingly, simply applying mechanical

forces via oscillation on a shaker leads to greater T cell

expansion and activation, compared to static conditions

[41], which may due to more effective encountering and

contact between T cells and engineered APCs at the

optimal oscillation frequency.

Besides mechanical force and environmental factors, the

spatial distribution of ligands also affects how T cells

perceive activation signals. Micropillar arrays embedded

with anti-CD3 (activation signal) and anti-CD28 (co-

stimulator) are useful platforms to investigate T cell

mechanosensing on a single cell level. Microtubule orga-

nization at the cell-array interface shows the local con-

traction and expansion of CD4+ T cells. Varying pillar

height and shape induces changes in T cell cytoskeletal

organization and interferon-g secretion, which is associ-

ated with the effector functions [42�]. Artificial antigen

presenting surfaces consisting of patterned micro-dot

arrays surrounded by a fluid supported lipid bilayer are

also useful tools for mimicking pMHC nanoclusters.

TCR, zeta-chain-associated protein kinase (ZAP-70)

and actin are colocalized with the ligand-dots in absence

of intercellular adhesion molecule 1 (ICAM-1) — the

ligand for LFA-1. However, in presence of ICAM-1 in the

patterned array, actin shows global changes and accumu-

lates peripherally, and the synapse area increases signifi-

cantly. Such enhancing effects of TCR clustering on actin

organization and cell spreading are exclusive to LFA-1 as

the costimulatory molecule CD28 does not have the same

impact [43].

Force enhances T cell cytotoxicity

When killing target cells, forces exerted by cytotoxic T

cells on target cell membranes enhance the formation of
www.sciencedirect.com
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Table 1

Engineered biophysical factors to modulate immune cells

Biophysical factors Cell types Application summary Ref.

Cell mechanotyping All Single-cell mechanotyping enables the characterization of diverse sets of

specialized immune cells such as peripheral blood mononuclear cells (PBMCs) and

stress-induced macrophages.

[15,

46,

61]

ECM stiffness Macrophage Human macrophages exhibit a wound healing phenotype on stiffer 3D fibrillar native

matrices – collagen I, glycosaminoglycans (GAGs)

[62]

Macrophage Compared to unmodified fibrin gel, photoinitiated dityrosine-crosslinked fibrin gel

increases cell spreading and motility and enhances inflammatory activation.

[51]

T lymphocyte Protein-coated beads made from a soft elastomer - polydimethylsiloxane (PDMS)

enhance T cell expansion.

[49]

T lymphocyte 0.5 kPa–100 kPa poly-acrylamide hydrogels: stiffer gel increases cytokine

production, T cell metabolism and cell cycle progression.

[50]

T lymphocyte 4 kPa–40 kPa RGD-modified alginate hydrogel: stiffer gel augments T-cell activation

as compared to the softer material or 2D culture.

[39]

T lymphocyte An artificial T-cell stimulating matrix is engineered using hyaluronic acid-based

hydrogel with optimized combination of the ECM environment and conjugated

stimulatory signals for antigen-specific CD8+ T cell activation ex vivo.

[53]

Oscillatory forces Macrophage Cyclic mechanical compression achieved by biphasic ferrogels reduces fibrosis, M1

macrophage presence and inflammation in severe skeletal muscle injuries.

[55]

T lymphocyte Compared to static culture, an oscillatory mechanoenvironment doubles antigenic

signal strength for CD8+ T cell expansion.

[41]

Squeezing T lymphocyte Squeezing cells through a microfluidic device mechanically disrupts cell membrane

for drug delivery and results in minimal aberrant transcriptional responses.

[54]

Microstructure

confinement

Macrophage Spatial confinement downsizes the inflammatory response of macrophages. [23]

Macrophage Gelatin-based gels with smaller (30 mm) and softer (20 kPa) pores induce

proinflammatory macrophages, while larger (80 mm) and stiffer pores (190 kPa)

induce anti-inflammatory macrophages.

[51]

Ligand

presentation

Macrophage Fibrin matrices induce anti-inflammatory macrophages, but the soluble precursor

fibrinogen stimulates inflammatory responses. Presence of both abrogate

inflammation.

[58]

T lymphocyte Mesoporous silica micro-rods wrapped in lipid bilayers to present membrane-

bounded T cell activation and co-stimulation signals.

[56�,57]

T lymphocyte Stimulatory signals conjugated to the engineered matrix can successfully activate

CD8+ T cell, whereas soluble signals have much less effects.

[53]

Mechanogenetics T lymphocyte By engineering the genetic circuits with a mechanosensor Piezo1 ion channel, T cells

are modified to be remotely activated by the mechanical perturbance from

ultrasound waves and transduce into transcriptional activation for CAR expression.

[59�]

T lymphocyte CAR responsiveness to soluble ligands can be fine-tuned by adjusting the

mechanical coupling between the CAR’s ligand-binding and signaling domains

[60]
perforin pores (Figure 1i) [44]. Also, perforin release

occurs at the base of actin-rich protrusions and is regu-

lated by the cytoskeletal regulator WASP and the Arp2/3

actin nucleation complex [45]. The coordination of per-

forin release and assembly by distinct actin cytoskeletal

structure underscores the importance of mechanical

events in the function of cytotoxic T lymphocytes

(CTLs).

Applications: engineering immune cell
functions
Unravelling the basic mechanobiology on molecular, cel-

lular, and tissue levels inspires novel biomedical applica-

tions, especially in the fields of tissue regeneration and

cancer immunotherapy. Novel approaches with bench-to-

bed translational potentials such as patient cell mechanics

measurements, T cell expansion ex vivo, immunoengi-

neering in vivo, and genetic engineering are discussed and

also summarized in Table 1.
www.sciencedirect.com 
Mechanotyping

Cellular deformability is an essential, physiologically

relevant feature of immune cells. Mechanotype mea-

surements can now be achieved with single-cell resolu-

tion and throughputs of up to 2000 cells/second by

flowing a suspension of cells through microfluidic chan-

nels, squeezing the cells, and using automated image

analysis to quantify metrics such as circularity and

deformation timescale [46–49]. Importantly, cellular

mechanotype data can provide valuable information

on the status of a patient’s immune system. For exam-

ple, immune activation can be detected by measuring

the size and deformability of cells from pleural effu-

sions of patients. Cells from these inflamed patient

pleural fluids are more deformable and larger in cell

size compared to native population of leukocytes [47].

Cellular mechanotyping has potential to predict the

degree of inflammation and progression of tumors in

individual patients.
Current Opinion in Biotechnology 2020, 66:236–245
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Materials stiffness

Immune cell responses could also be modulated by tuning

the physical properties of matrix, specifically substrate

stiffness. Scaffolds of both natural and synthetic biomater-

ials have been optimized for immune cell cultivation in 2D

and 3D. Generally, a stiffer scaffold promotes T lympho-

cytes cell growth and activation ex vivo [49,50]. However,

macrophages show less consistent responses to scaffold

stiffness across studies due to different macrophage sources

and different substrate materials and stiffness [23,24,51]. A

potentially confounding factor is that scaffold mechanical

properties are tightly linked to pore size and thus spatial

confinement, which may also contribute to macrophage

polarization [52]. A new approach using the cryoprotectant

dimethyl sulfoxide (DMSO) allows the control of scaffold

pore size independent of stiffness, enabling researchers to

evaluate individual effects of stiffness and spatial confine-

ment on immune cell phenotype and function in porous

biomaterial scaffolds [52]. Understanding the effects of

material stiffness and porosity on immune cells will provide

a rational basis for the design of artificial matrix to stimulate

immune cell expansion ex vivo and modulate immune cell

functions in situ by mimicking APCs and/or constructing an

artificial niche [39,50,53].

Dynamic environment

Besides changing the surrounding environment, externally

exerting forces on immune cells can increase the efficiency

of drug delivery, in vitro cell expansion, and in vivo cell

function. Squeezing cells through a narrow microfluidic

channel is one way to mechanically disrupt the cell mem-

brane for effective gene delivery. Unlike electroporation,

which disrupts the expression profile of human T cells,

squeezing results in minimal aberrant transcriptional

responses [54]. Moreover, an oscillatory mechanoenviron-

ment shows better antigenic signal strength, compared to

conventional, static culture for CD8+T cell expansion [41].

Thus, novel engineering tools and materials can be devel-

oped and tailored to control immune cell functions. For

example, biphasic ferrogels, which have the mechanical

capacity for large, fatigue-resistant deformation, are used

for massage-like muscle stimulation [55]. In the model of

severe skeletal muscle injuries in mice, macrophages sub-

jected to cyclic mechanical compression show reduction in

fibrosis, M1 macrophage and inflammation [55].

Ligand presentation

Engineering the spatial arrangement and 3D geometry of

ligands is an alternative strategy to enhance immune cell

activation. How a soluble ligand spatially binds to a T cell

affects the efficacy of immune response. T cell activation

has greater preference towards ligands physical bound to a

surface, such as on lipid membranes or conjugated sur-

faces. Therefore, engineered scaffolds with bounded T

cell activation signals is a potential strategy for in vivo
local T cell recruitment and expansion [53,56�,57]. The

difference in a free-floating ligand and physically bound
Current Opinion in Biotechnology 2020, 66:236–245 
ligand also affects macrophages. Whereas fibrin-gel

induces anti-inflammatory macrophages secreting cyto-

kines such as interleukin-10, the soluble precursor fibrin-

ogen stimulates inflammatory responses [58]. Therefore,

designing the presentation of chemical molecules on

scaffolds can be a strategy for biomaterial innovation.

Genetic engineering

Mechanical modulation of immune cell responses could

additionally be achieved by modulating mechanosensing

gene circuits using systems and synthetic biology tools. In

recent years, engineered T cells with chimeric antigen

receptors (CAR), known as CAR-T cell therapy, have

emerged as an effective, FDA-approved immunotherapy

for various liquid cancers. For targeted and controlled deliv-

ery, mechanosensitive CAR T cells are constructed by

harnessing the mechanosensing power of Piezo1 ion chan-

nel, so that the mechanical perturbance from ultrasonic

waves can activate the CART T-cell at a desired location

[59�]. In another study, TGF-b is rewired from an immune

suppressive molecule to a CAR T-cell growth factor, thus

achieving the first T cell response upon soluble ligand [60].

This actuation process can be precisely regulated by

mechanical forces: 1) CAR receptor dimerization is required

to bring the signaling domains of the CAR in proximity; 2)

CAR itself needs to be mechanically rigid enough for

mechanotransmission across the membrane. Such mechani-

cal coupling can be used for fine tuning of T cell responses

via extracellular spacer insertion to loosen the coupling [60].

Conclusions and future perspectives
Mechanotransduction in immune cells is dynamic, com-

plex, and essential for the immune responses. Integrins,

ion channels, TCRs, cytoskeletal proteins, and transcrip-

tion factors form a network of mechanical signaling path-

ways that regulate cell mechanics, gene expression, and

cellular behaviors relevant for immune cell functions.

There are still knowledge gaps, especially regarding

the identification of new mechanosensors and how

mechano-signaling pathways are integrated across time

and length scales. Moreover, besides the mechanosensi-

tive interactions of integrin-ligand and TCR-pMHC,

other conventional receptor-ligand binding events may

also be affected by physical forces but have not been

studied in the context of mechanobiology.

Single-cell technologies enable future investigations on

mechanotransduction mechanisms with higher spatial

and temporal resolution. For instance, single-cell force

measurement techniques are developing to provide bet-

ter spatiotemporal resolution and more accurate force

sensing on cellular and even molecular level, such as

the threshold of force required for TCR to trigger activa-

tion signaling. Also, single-cell sequencing deciphers the

heterogeneous responses within a population of cells, and

the gene expression profile can better define the pheno-

types of immune cells. Florescence resonance energy
www.sciencedirect.com
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transfer (FRET) imaging, intravital two-photon imaging

and other live cell imaging techniques are useful tools to

monitor cell signaling events.

Understanding these foundational knowledge of immune

cell mechanobiology would further guide the design of

transformative biomaterials, drug delivery platforms, and

synthetic biology strategies to modulate and control

immune responses. Novel biomaterials with the appropri-

ate biophysical properties, including elasticity, viscoelas-

ticity and tunable stiffness and porosity, are needed for

more precise regulation of macrophage polarization and T

cell activation. By utilizing different delivery methods, the

modulation of the immune cells can be local, systematic, or

at certain targeted site. While material properties are usu-

ally measured as a bulk property, decoupling bulk mechan-

ical cues like stiffness into single factors — such as chemical

composition, scaffold pore size, the degree of crosslinking

— will also be important to understand underlying mecha-

nisms and be able to design the appropriate biomaterials

faster for future applications. Future investigations will also

be required to fully understand how multiple cues are

simultaneously processed and integrated by immune cells

to regulate immune responses.

Finally, biomaterial-based vaccines to selectively stimu-

late desirable immune cells and suppress undesirable

immune responses have much value in this season of

COVID-19 pandemic outbreak. Effective antigen pre-

sentation and micro-topology on biomaterials can further

facilitate the proper activation of desirable immune

responses. Moreover, implantable or injectable scaffolds

with optimal porosity, matrix stiffness and antigen pre-

sentation may not only generate successful immune

responses in short term, but also boost the generation

of memory immune cells such as memory T cells and

memory B cells and promote their longevity. All in all,

biomaterial innovation based on mechanotransduction of

immune cells can brighten the future for vaccine devel-

opment and possibly establish material platforms that are

robust for generating immunity towards various diseases.
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