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Conspectus 7 

T cells, a key component in adaptive immunity, are central to many immunotherapeutic 8 

modalities aimed at treating various diseases including cancer, infectious diseases, and 9 

autoimmune disorders. The past decade has witnessed tremendous progress in immunotherapy, 10 

which aims at activating or suppressing the immune response for disease treatments. Most 11 

strikingly, cancer immunotherapy has led to curative responses in a fraction of patients with 12 

relapsed or refractory cancers. However, extending those clinical benefits to a majority of 13 

cancer patients remains challenging. In order to improve both efficacy and safety of T cell-14 

based immunotherapies, significant efforts have been devoted to modulating biochemical 15 

signals to enhance T cell proliferation, effector functions, and longevity. Such strategies 16 

include discovery of new immune checkpoints, design of armored chimeric antigen receptor 17 

(CAR)-T cells, and targeted delivery of stimulatory cytokines. 18 

 19 

Despite the intense global research efforts in developing novel cancer immunotherapies, a 20 

major dimension of the interactions between cancer and the immune system, its biomechanical 21 

aspect, has been largely underappreciated. Throughout their lifecycle, T cells constantly survey 22 

a multitude of organs and tissues and experience diverse biomechanical environments, such as 23 

shear force in the blood flow and a broad range of tissue stiffness.  Furthermore, biomechanical 24 

properties of tissues or cells may be altered in disease and inflammation. Biomechanical cues, 25 
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including both passive mechanical cues and active mechanical forces, have been shown to 1 

govern T cell development, activation, migration, differentiation, and effector functions. In 2 

other words, T cells can sense, respond to, and adapt to both passive mechanical cues and active 3 

mechanical forces. 4 

 5 

Biomechanical cues have been intensively studied at a fundamental level but are yet to be 6 

extensively incorporated in the design of immunotherapies. Nonetheless, the growing 7 

knowledge of T cell mechanobiology has formed the basis for the development of novel 8 

engineering strategies to mechanically modulate T cell immunity, a nascent field that we 9 

termed “mechanical immunoengineering”. Mechanical immunoengineering exploits 10 

biomechanical cues (e.g., stiffness and external forces) to modulate T cell differentiation, 11 

proliferation, effector functions, etc. for diagnostic or therapeutic applications. It provides an 12 

additional dimension, complementary to traditional modulation of biochemical cues (e.g., 13 

antigen density and co-stimulatory signals), to tailor T cell immune responses and enhance 14 

therapeutic outcomes. For example, stiff antigen-presenting matrices have been shown to 15 

enhance T cell proliferation independently of the intensity of biochemical stimulatory signals. 16 

Current strategies of mechanical immunoengineering of T cells can be categorized into two 17 

major fields including passive mechanical cue-oriented and active force-oriented strategies. In 18 

this Account, we first present a brief overview of T cell mechanobiology. Next, we summarize 19 

recent advances in mechanical immunoengineering, discuss the roles of chemistry and material 20 

science in the development of these engineering strategies, and highlight potential therapeutic 21 

applications. Finally, we present our perspective on the future directions in mechanical 22 

immunoengineering, and critical steps to translate mechanical immunoengineering strategies 23 

into therapeutic applications in the clinic. 24 

 25 
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 22 

1. Introduction 23 

T cells, an important factor of adaptive immunity, are responsible for cellular responses against 24 

pathogens and malignant cells. T cells are identified by T cell receptor (TCR)/cluster of 25 

differentiation 3 (CD3) complexes located on the cell surface. TCR triggering by antigen 26 

peptide-bound major histocompatibility complex (pMHC) results in intracellular signaling 27 

mediated by cytoplasmic portions of CD3 for T cell activation. Given their core role in 28 

immunity, T cells lie at the heart of various immunotherapeutic modalities against cancer,5 29 

infectious diseases,6 and autoimmune disorders.7 For instance, checkpoint blockades that 30 

reactivate exhausted or dysfunctional T cells8,9 and adoptive cell therapies (ACT), in particular 31 
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chimeric antigen receptor (CAR)-T cells,5,10 have been approved recently by the Food and Drug 1 

Administration (FDA) for the treatment of a variety of cancers that are non-responsive to 2 

traditional forms of cancer therapy (e.g., chemotherapy and radiation therapy). However, only 3 

a small fraction of cancer patients respond to current immunotherapies. 4 

Immunoengineering of T cells could improve the potency and/or safety of immunotherapies, 5 

potentially benefiting more patients. One such example is ACT adjuvanted by supporting 6 

cytokines, which are secreted by genetically-engineered T cells or released from stimuli-7 

responsive biomaterials specifically in the tumor environment.11–13 To date, attempts to 8 

improve immunotherapy have focused predominantly on regulating biochemical traits of T 9 

cells or their surrounding biochemical microenvironment (we term those strategies biochemical 10 

immunoengineering). 11 

On the other hand, biomechanical cues, which represent another major dimension of the 12 

relationship between T cells and their environment, have been largely underappreciated. Indeed, 13 

across the multiple stages of T cell immunity, T cells experience myriad forces and encounter 14 

environments with diverse mechanical properties. T cells patrol the body through the 15 

circulatory system, where they are exposed to shear stress induced by blood flow. The resulting 16 

shear forces acting on T cells have been shown to promote transmigration through endothelial 17 

layer via force-induced affinity maturation of integrins on T cells.14 Following extravasation, 18 

T cells encounter tissues and organs with a wide range of mechanical properties. Moreover, 19 

tumor and fibrotic tissues typically exhibited higher stiffness compared to healthy tissues.15 20 

Accumulating evidence shows that biomechanical cues are essential for T cell functions and 21 

enhance T cell sensitivity to biochemical signals.1,16,17 In this regard, integrating biomechanical 22 

principles into the design of the next generation of T cell-based immunotherapies may enhance 23 

efficacy and lower toxicity by improving specificity. The growing understanding of T cell 24 

mechanobiology provides a solid basis to exploit mechanical cues to modulate T cell immunity 25 

for therapeutic applications, a new field we term “mechanical immunoengineering” (Figure 1). 26 

In this account, we review recent progress in T cell mechanobiology and strategies of 27 

mechanical immunoengineering of T cells and present them in the context of therapeutic 28 

applications. We envision that mechanical immunoengineering will develop into an important 29 

methodology that is complementary to biochemical immunoengineering, and ultimately 30 

improve the response rate of immunotherapies. 31 

 32 
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2. Mechanobiology of T cells 1 

T cell mechanobiology has been thoroughly reviewed in several excellent articles.18–22 Instead 2 

of giving a comprehensive review of the field, here we present a brief summary of T cell 3 

mechanosensing and its underlying mechanobiology. 4 

T cell activation requires three elements: 1) antigen-specific stimulation signal through the 5 

TCR/CD3 complex; 2) costimulatory signal through CD28; and 3) survival or differentiation 6 

signal from autocrine or paracrine cytokines. TCR signaling has been classically viewed as a 7 

purely biochemical process initiated upon recognition of pMHC. In recent studies, the TCR, 8 

upon binding to agonist pMHC, has been shown to exhibit a “catch bond” behavior under 9 

mechanical tension. Catch bond is a specific type of non-covalent receptor-ligand interaction 10 

displaying prolonged bond lifetime upon tensile force applied to the receptor-ligand axis.23–25 11 

Catch bond formation between TCR and pMHC enables T cells to discriminate between agonist 12 

and antagonist pMHCs.26 A recent study further showed that catch bond formation is important 13 

for negative selection of T cells in the thymus.27 Moreover, mechanical force directly acting on 14 

the TCR or CD3 can trigger TCR signaling likely due to force-induced allosteric changes in 15 

the TCR/CD3 complex,28,29 showing evidence that the TCR/CD3 complex itself is a mechano-16 

sensor.  17 

TCR binding to pMHC upon contact with a cognate antigen-presenting cell (APC) induces a 18 

large-scale spatial reorganization of receptor-ligand complexes into a specialized cell-cell 19 

junction called immunological synapse (IS), which orchestrates sustained TCR engagement 20 

and subsequent T cell functions such as cytokine production and clonal expansion.30,31 A 21 

canonical IS features a “bull’s eye” pattern with central supramolecular activation cluster 22 

(cSMAC) mainly containing TCR/pMHC clusters surrounded by a ring of lymphocyte 23 

function-associated antigen 1 (LFA-1)/intercellular cell adhesion molecule-1 (ICAM-1) 24 

complexes termed peripheral supramolecular activation cluster (pSMAC).22 LFA-1, a member 25 

of the integrin family exclusively expressed on leukocytes, is of particular interest to T cell 26 

mechanobiology as recent evidence shows that LFA-1 is a mechano-sensor and a key regulator 27 

of IS formation.32 During T cell activation, LFA-1 matures from an inactive, bent conformation 28 

with very low affinity to its cognate ligand ICAM-1 on APCs to an intermediate state with 29 

higher affinity. Mechanical tension on the LFA-1/ICAM-1 pair arising from F-actin centripetal 30 

flow at the IS further transforms LFA-1 into an active, extended conformation with high ligand 31 

affinity promoting T cell adhesion and priming.32 32 
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T cells also actively exert mechanical forces.16,33–36  Both TCR and LFA-1 are coupled to the 1 

T cell cytoskeleton, effectively connecting the cell intracellular domain to external surfaces 2 

and relaying cytoskeletal forces to the surface of the APC or target cell. Lowering these 3 

cytoskeletal forces via cytoskeleton inhibition is associated with significant reduction in T cell 4 

activation events such as calcium influx and interleukin-2 (IL-2) production.16,37 Calcium 5 

influx can be partly rescued by external cyclical forces applied to the TCR.16 These 6 

observations suggest that T cells are a major contributor to the mechanical forces required for 7 

TCR triggering. Mechanical forces exerted by cytotoxic T lymphocytes (CTLs) at the IS 8 

interface with target cells, such as cancer cells, enhance perforin-based pore formation on the 9 

membrane of target cells, and potentiate killing of target cells.1 A recent study further 10 

demonstrated that F-actin-rich protrusions of CTLs were required for this synaptic force 11 

exertion and cytotoxicity against target cells.38 12 

The fundamental studies discussed above provide a brief insight into the mechanical life of T 13 

cells. Bioengineering strategies derived from these findings and aimed at modulating T cell 14 

immunity can be broadly classified according to their physical nature into two fields: passive 15 

mechanical cue-oriented and active force-oriented mechanical immunoengineering of T cells 16 

(Figure 1). In general, the same mechanosensitive receptors (e.g., TCR and LFA-1) are 17 

involved in both passive and active mechanical stimulations of T cells. In the following sections, 18 

recent advances in both fields will be discussed in detail with focus on therapeutic applications. 19 

 20 

3. Passive mechanical cues for mechanical immunoengineering of T cells  21 

Passive mechanical cues refer to mechanical properties of the microenvironment encountered 22 

by cells, such as extracellular matrix (ECM) stiffness and spatial organization of its networks 23 

including fibronectin and collagen fibers. These cues exist throughout the body and are 24 

indispensable for guiding the cellular responses (e.g. migration and differentiation) of various 25 

cell types, such as fibroblasts and stem cells.39,40 However, less is known about their effects on 26 

T cells. 27 

For example, inflamed and tumor tissues display distinct ECM mechanical properties 28 

compared to healthy tissues. Over the course of inflammation, sentinel lymph nodes become 29 

up to 10 times stiffer than normal lymph nodes (~4 kPa).41 In tumor tissues, collagen 30 

crosslinking contributes to ECM stiffening and promotes tumor progression.42 At the cellular 31 
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level, maturation of dendritic cells (DCs), the most potent professional APC, results in a rise 1 

of their cell stiffness through cytoskeleton remodeling.17 At the same time,  they undergo 2 

drastic morphological changes and exhibit a stellate shape optimal for T cell stimulation.43 In 3 

this section, we discuss the role of the substrate and cell stiffness as well as topography and 4 

ligand patterning, two intensively-studied categories of passive mechanical cues, in regulating 5 

T cell responses and their potential use in mechanical immunoengineering of T cells. 6 

 7 

3.1. Substrate/cell stiffness 8 

Stiffness is an inherent mechanical property of materials representing their resistance to 9 

deflection or deformation. Substrate stiffness is defined by its Young’s modulus or elastic 10 

modulus (E). Polydimethylsiloxane (PDMS) elastomer and polyacrylamide (PA) hydrogel are 11 

two widely-used substrates to control stiffness experienced by cells in vitro, predominantly due 12 

to their non-degradable and bio-inert features that enable presentation of specific ligands with 13 

minimal non-specific biochemical interactions.40  14 

Early studies identified that PDMS substrates with stiffness values of approximately E ~100 15 

kPa induced the strongest activation of human or murine naïve T cells.37,44 This stiffness-16 

dependent activation was partly attributed to the myosin-mediated cell contractility. 17 

Interestingly, a recent study demonstrated that spreading area of T cells exhibit maximal 18 

spreading on PDMS substrates with a stiffness of ~5 kPa.45 These results suggest that, within 19 

the range of 0-5 kPa, the enhanced T cell activation observed on stiffer PDMS substrates may 20 

be partially attributed to the increased amount of stimulatory ligands accessed by the cell due 21 

to its larger spreading area. However, why T cells prefer certain stiffness of PDMS substrate 22 

(~100 kPa) for optimal activation still requires further investigation. 23 

In light of the stiffness-dependent activation of T cells, this mechanical parameter may be 24 

incorporated in the design of engineering strategies to improve T cell manufacturing for cell 25 

therapies. Current ex vivo expansion of T cells for clinical applications mainly relies on a 26 

synthetic microbead system (Dynabead®) modified with anti-CD3 and anti-CD28 antibodies 27 

on its surface. This system is, however, made of polystyrene (PS), an extremely stiff material 28 

with E in the GPa range, several orders of magnitude higher than physiological stiffness. Using 29 

PDMS microbeads (E~8 MPa) to present stimulatory signals to human primary T cells resulted 30 

in enhanced expansion of functional T cells compared to Dynabeads®.2 It is worth noting that 31 
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this PDMS microbead system may be further improved by using lower stiffness values as 1 

optimal T cell activation was achieved on a PDMS substrate with stiffness of 100 kPa. 2 

Despite these promising results, the stiffness of PDMS typically ranges from 100 kPa to 10 3 

MPa, which is substantially higher than physiological stiffness that T cells encounter in vivo, 4 

typically within 100 Pa to 100 kPa (except bone). Over the past years, in-depth studies of T 5 

cell responses to stiffness in a physiologically-relevant range (0.1-100 kPa) have been 6 

performed, generally using hydrogel substrates. In an elegant study, Hivroz’s group designed 7 

an artificial antigen-presenting surface using PA hydrogels with stiffness values ranging from 8 

0.5 to 100 kPa.46 Within this range of stiffness, re-stimulated human CD4+ T cells displayed 9 

increasing cell proliferation and inflammatory cytokine production with increasing stiffness. 10 

In another study, an alginate hydrogel-based system mimicking the stiffness changes of lymph 11 

nodes during inflammation (from 4 to 40 kPa) was developed.3 This study demonstrated that 12 

priming of naïve murine CD4+ T cells depends on the mechanical microenvironment in both 13 

2D and 3D culture systems. 14 

The intracellular mechanisms underlying the stiffness dependence of T cell activation is an 15 

active field of research. For example, gene expression profiling revealed an upregulation of 16 

hypoxia-inducible factor-1α (HIF1A), a transcriptional factor stimulating glycolytic 17 

metabolism, in T cells simulated on a substrate of 100 kPa.46 Furthermore, the respiratory 18 

electron transport pathway involved in adenosine triphosphate (ATP) production was highly 19 

induced, suggesting a potential role of cellular metabolism in regulating T cell responses to 20 

stiffness. 21 

Mechanosensing in T cells requires Yes-associated protein (YAP), a well-known 22 

transcriptional regulator in mechanotransduction.41 In general, cells recognize increased 23 

stiffness via enhanced translocation of YAP from the cytosol into the nucleus. YAP knock-out 24 

T cells failed to recognize stiffness changes and displayed enhanced activation on a soft 25 

substrate (E ~4 kPa) compared to wild type T cells. 41 Interestingly, YAP was upregulated upon 26 

activation, but acted as a negative regulator of T cell activation. This finding is contrary to the 27 

usual role of YAP in adherent cells, where YAP promotes proliferation. YAP dampens T cell 28 

proliferation by restricting trafficking of Nuclear Factor of Activated T cells (NFAT), a known 29 

promoter of IL-2 expression, into the nucleus.41 However, whether YAP itself contributes to T 30 

cell proliferation requires further investigation. This finding may provide a novel target to 31 

engineer optimal T cell responses by fine-tuning the mechanosensing properties of T cells. 32 
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While artificial antigen-presenting surfaces provide convenient tools to study T cell activation, 1 

they hardly recapitulate all aspects of a natural APC. To date, there has been a limited volume 2 

of research on how the stiffness of APCs or target cells shapes T cell responses. Cancer cells 3 

cultured on stiff surfaces adapt to their environment and show increased cellular stiffness as a 4 

result.47 Recently, cancer cells on stiff substrates were shown to be more vulnerable to CTL-5 

mediated cytotoxicity, suggesting that stiffness of target cells may play a role in the T cell 6 

responses.1 Similarly, effector CD4+ T cells produced more cytokines when stimulated by 7 

target cells cultured on stiffer substrate (Figure 2).46 However, mechanistic studies are required 8 

to determine the extent to which stiffness of target cells influences T cell effector functions. 9 

More recently, Tello-Lafoz et al. discovered that increased cellular stiffness resulting from 10 

enhanced expression of myocardin-related transcription factor (MRTF) in metastatic cancer 11 

cells enhanced their susceptibility to  CTL-mediated killing.48 Sensing of this biomechanical 12 

vulnerability by T cells, a process termed “mechanical immunosurveillance”, offers a novel 13 

perspective on the biomechanical nature of T cell immunity, as well as a possible target for 14 

mechanical immunengineering of T cells. 15 

Besides activation of effector T cells, there is scarce information about the role of stiffness in 16 

the induction of regulatory T cells (Tregs). Induction of murine Tregs was enhanced on a 17 

PDMS substrate with stiffness of ~100 kPa as compared to a non-physiological stiffness (~3 18 

MPa). In contrast to effector T cell activation, interruption of myosin-mediated contractility 19 

using a Rho-associated kinase (ROCK) inhibitor increased Treg induction.49 The mechanism 20 

underlying this surprising observation requires further in-depth investigation. The results 21 

suggest that stiffness may be an essential parameter to optimize ex vivo induction of Tregs for 22 

ACT against autoimmune diseases.50  23 

Recently, attempts have been made to use the stiffness dependence of T cells to enhance cancer 24 

immunotherapy. Hickey et al. improved ex vivo expansion of antigen-specific murine CD8+ T 25 

cells by leveraging a soft hyaluronic acid (HA) hydrogel (~0.5 kPa) presenting stimulatory 26 

signals. T cells expanded on the HA hydrogel showed improved tumor control and prolonged 27 

survival rate in mice compared to T cells expanded on a conventional tissue culture plastic 28 

(TCP). This effect is likely due to the enhanced proliferation of antigen-specific T cells (Figure 29 

3).51 Of note, T cell activation was reduced on HA hydrogels of higher stiffness, ~3 kPa (Figure 30 

3B), which stands in opposition to previous studies. Although the authors did not give an 31 

explanation, this singular result may be caused by specific interactions between CD44 of T 32 
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cells and HA as CD44-mediated signaling is mechanosensitive.52 1 

Despite considerable progress on understanding how stiffness affects T cell responses, it is still 2 

challenging to study this effect in vivo, especially at the cellular level. Lysyl oxidase (LOX) 3 

may be an interesting tool to modify tissue stiffness in vivo.53 However, to the best of our 4 

knowledge, no approach is available to control cell stiffness in vivo. In the future, efforts should 5 

be dedicated to in vivo modulation of cell stiffness, which is critical to study mechanical 6 

regulation of T cell responses in vivo. 7 

 8 

3.2. Topography and ligand patterning 9 

Upon maturation, DCs exhibit morphological changes characterized by dendrite structures, 10 

which are important for migration to lymph nodes and the subsequent priming of T cells.54,55 11 

This realization, along with improved understanding of the biological effects of topography,39 12 

has stimulated research on topography as a novel parameter to design artificial APCs. For 13 

example, Sunshine et al. evaluated T cell activation by pMHC/anti-CD28-conjugated 14 

ellipsoidal microparticles compared to spherical microparticles.56 The topography of 15 

microparticles was controlled using a film-stretching method that enables constant particle 16 

volume across various topographies. At similar antigen density, the ellipsoidal artificial APC 17 

generated higher expansion of antigen-specific murine CD8+ T cells in vitro and in vivo 18 

compared to its spherical counterpart and resulted in enhanced therapeutic efficacy (Figure 4). 19 

This result is largely attributed to increased contact frequency and area between the T cell and 20 

ellipsoidal artificial APC. In a follow-up study, a similar trend was observed using nano-sized 21 

ellipsoidal particles, which may have additional advantages, such as improved 22 

pharmacokinetics upon intravenous injection and easier access to draining lymph nodes, 23 

compared to ellipsoidal microparticles.57 24 

Spatial proximity of TCR complexes is essential to TCR triggering.58 Ligand nanopatterning 25 

techniques have been widely used in the past decade to study the role of lateral ligand spacing 26 

on T cell activation.59,60 Multiple studies from Spatz’s group showed that anti-CD3 antibody 27 

lateral spacing should be below 60 nm for optimal activation. Above this threshold, TCR 28 

signaling was abrogated, even if sufficient anti-CD3 molecules for T cell activation were 29 

present in the contact area.59,61,62 It is worth noting that these studies did not decouple the effect 30 

of ligand spacing from ligand density. Intriguingly, the threshold for pMHC lateral spacing was 31 
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as large as ~150 nm,63 suggesting other spatial requirements during TCR triggering in addition 1 

to CD3/ligand interactions. 2 

In an elegant study reported by Cai et al. recently, ligand lateral spacing was set independently 3 

from the number of ligands accessible per cell.60 A threshold of ~50 nm in lateral spacing of 4 

anti-CD3 was revealed in TCR triggering. This finding is consistent with the distance required 5 

for auto-phosphorylation of zeta-chain-associated protein kinase 70 (ZAP70) that is recruited 6 

to the TCR intracellular domain, a key step for TCR downstream signaling.60 Knowledge 7 

gained in fundamental research can be leveraged to improve the expansion of pre-stimulated 8 

human CD4+ T cells. Nanopatterned anti-CD3 antibody-coated surfaces with optimized lateral 9 

spacing outperformed conventional Dynabeads®,62 suggesting that ligand nanopatterning may 10 

aid in designing  more potent artificial APCs for ex vivo T cell expansion. 11 

The spatial organization of the IS varies dramatically between different subtypes of T cells.64  12 

Motivated by these variations, efforts have been made to fabricate artificial ligand 13 

micropatterns and study their effects on T cell responses. Using microarrays, Dustin’s and 14 

Groves’ groups showed that TCR clusters mechanically confined in the IS periphery showed 15 

longer lasting TCR signaling compared to those in the center of an IS with a typical “bull’s 16 

eye” structure.65 As cSMAC has been shown to facilitate TCR degradation via endocytosis,66 17 

the peripheral confinement of TCR may augment TCR signaling by preventing TCR 18 

degradation. Irvine’s group employed polymer-assisted photo-lithography to construct 19 

different anti-CD3-immobilized micropatterns which direct the spatial distribution of TCR 20 

signaling proteins at the IS.67 Production of interferon-γ (IFN-γ), a pro-inflammatory cytokine, 21 

by murine CD4+ T cells was specifically attenuated on annular micropatterns, while IL-2 22 

secretion was at similar levels on both focal and annular micropatterns.67 These observations 23 

suggest that TCR micropatterning plays a decisive role in guiding T cell functions, providing 24 

a possible mechanical cue to direct T cell responses. 25 

The spatial organization of costimulatory ligand CD28 is another feature of IS formation, 26 

which is important in regulating T cell activation.68 Typically, CD28 ligands form a ring-like 27 

structure surrounding the cSMAC region containing TCR/CD3 complexes. The CD28 pattern 28 

is important to retain the spatial proximity between TCR/CD3 and protein kinase C θ (PKCθ), 29 

a TCR downstream signaling molecule recruited by CD28.68 To study the effects of CD28 30 

patterning, Kam’s group utilized microcontact printing to fabricate an anti-CD3/anti-CD28-31 

colocalized central focal (COL) micropattern, as well as a segregation (SEG) layout with a 32 
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central focal anti-CD3 domain surrounded by four anti-CD28 dots that mimics the native 1 

pattern of an IS.69,70 While murine CD4+ T cells produced more IL-2 on SEG pattern than on 2 

COL pattern,69 human CD4+ T cells showed a reversed trend.70 These findings not only provide 3 

insight into the design principle of ligand spatial organization for engineering T cell responses, 4 

but also emphasize the potential dissimilarity in mechanosensing between human and murine 5 

T cells. Interestingly, dissimilarities between murine Tregs and effector CD4+ T cells in 6 

adhesion to micropatterns were also noticed.71 This preference for distinct spatial ligand 7 

organization holds promise for selective activation of Tregs.  8 

To date, investigations of the role of ligand patterning in regulation of T cell responses are still 9 

limited to in vitro studies. As a next step, it is crucial to validate these in vitro findings in 10 

animals. Tools for introducing ligand patterning in animals have been reported in investigations 11 

of stem cell adhesion72 and could potentially be applied to study mechanical modulation of T 12 

cells. 13 

 14 

4. Active forces for mechanical immunoengineering of T cells 15 

Immunoreceptors, which connect the intracellular domain to the extracellular environment, 16 

experience a variety of mechanical forces as T cells patrol the body and affect their functions. 17 

The resulting tension on these receptors (e.g., TCR and LFA-1)  is essential for effective 18 

outside-in signaling, which notably promotes T cell effector functions and inside-out 19 

signaling.20 This tension originates, among others, from T cell motion, membrane undulations, 20 

and active cytoskeletal rearrangements. T cells continuously remodel their cytoskeleton and 21 

actively probe their environment using actin-rich protrusions which deform target cells and 22 

substrates.38,73 They exert cytoskeletal forces through on their environment when they sense 23 

matrix stiffness74 and during migration,75 activation,33,34 and killing.1 Forces acting on 24 

immunoreceptors can also originate from external sources such as hydrodynamic forces and 25 

target cell cytoskeleton remodeling. These examples and those discussed earlier in this Account 26 

highlight the key role of active mechanical forces at every step of the T cell response. It is also 27 

apparent that strategies aiming at leveraging or modulating T cell endogenous forces or 28 

applying external force on immunoreceptors may be used to optimize T cell-based therapies. 29 

 30 

4.1. Forces exerted by T cells  31 
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T cell mechanical force and its underlying actin remodeling during motility, activation,16 and 1 

effector functions1 have been documented. In particular, mechanical forces at the interface 2 

between T cells and stimulatory surfaces have been extensively characterized.16,33,34  3 

Abrogation of these forces using cytoskeleton inhibitors such as Latrunculin A resulted in loss 4 

of activation or effector functions.1,16 Moreover, increased force exertion of  phosphatase and 5 

tensin homolog (PTEN)-deficient CTLs was shown to significantly enhance tumor cell killing 6 

in vitro.1 Huse’s group demonstrated, through a series of in vitro studies, that while T cell force 7 

was enhanced in PTEN-deficient T cells, other key biochemical aspects of their cytotoxicity, 8 

such as granule polarization and release, were unaffected by PTEN suppression. A direct link 9 

between increased force exertion and enhanced killing is still lacking due to technical 10 

difficulties, but these results suggest that engineering T cells to exert higher forces may be a 11 

viable strategy to enhance killing. One main limitation of this strategy lies in its target, PTEN, 12 

which is involved in a variety of cellular processes, including cellular proliferation, survival, 13 

growth, and motility.76 Data from the Huse’s group showed that PTEN-deficient CTLs have 14 

reduced ability to control tumor size in vivo compared to wild type CTLs, owing to reduced 15 

migration and homeostatic proliferation.77 16 

Another force-enhancement strategy may be targeting cytoskeletal proteins. For example, 17 

microtubules (MT) destabilization using nocodazole was shown to increase traction stresses of 18 

Jurkat T cells.78 However, the wide-ranging role of MT in T cells means that the disruption of 19 

MT is likely to affect T cell functions. Indeed, nocodazole-treated human CD4+ T cells 20 

exhibited a shift towards an amoeboid phenotype and enhanced migration through complex 3D 21 

environments in vitro, which may be beneficial to T cell infiltration in dense tumor tissues.79 22 

On the other hand, nocodazole-treated T cells exhibited strongly reduced killing of target 23 

cells.80 Each specific cytoskeletal target should be thoroughly analyzed and its potential 24 

evaluated according to the desired outcome, e.g. enhanced therapeutic efficacy. 25 

T cell forces are triggered upon engagement of the TCR/CD3 complexes by pMHCs or anti-26 

CD3 antibodies. Our group recently introduced a novel drug delivery system where drug 27 

release is induced by T cell force exertion upon TCR triggering.4 This system is composed of 28 

mesoporous silica microparticles loading with gemcitabine, an anticancer drug, whose release 29 

is blocked by anti-CD3 antibody-conjugated DNA mechano-probes as gatekeepers on the 30 

mesopores (Figure 5A). Upon TCR engagement, T cell forces unzip the DNA gatekeepers and 31 

thus uncap the mesopores leading to release of encapsulated anticancer drugs (Figure 5A). The 32 
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T cell force-responsive delivery of anticancer drugs significantly enhanced killing of cancer 1 

cells both in vitro and in vivo (Figure 5B-D). This approach showcases how T cell force can 2 

be used to precisely control the release of a molecule of interest for enhanced therapeutic 3 

outcomes.  4 

 5 

4.2. External forces applied on T cells  6 

It is well established that the TCR is mechanosensitive.28,29 Tension on the TCR-pMHC ligand 7 

pairs induces catch bonds, which exhibit maximal bond lifetime under forces of approximately 8 

10 piconewton (pN).26 This long-lived interaction is essential to trigger strong T cell activation. 9 

Using DNA linkers with defined breakage forces, Salaita’s group showed that T cells transmit 10 

forces of 12-19 pN per TCR to initiate activation.36 However, there is no consensus yet on the 11 

nature (constant vs. cyclic; normal vs. shear) and magnitude of the force required for optimal 12 

T cell activation. Interestingly, several studies showed that external forces on TCR can induce 13 

calcium influx in T cells.16,26,28,29 Moreover, force applied on the TCR of LatA-treated cells 14 

could rescue calcium flux, suggesting that the cytoskeleton could be bypassed.16 15 

The evidence presented here suggests that active mechanical forces may be used to recapitulate 16 

the mechanical conditions at the immune synapse during activation and engineer T cell 17 

responses. Therapeutic applications require a large number of cells which can be analyzed in 18 

vitro and subsequently tested in disease models. The majority of the elegant tools used in 19 

mechanobiology, such as magnetic tweezers, atomic force microscopy, and biomembrane force 20 

probe are intrinsically limited to single-cell studies and not suitable for large-scale experiments. 21 

We refer readers to several excellent articles on this topic.20,81,82 Hence, in this section, we 22 

highlight key studies using external mechanical forces to engineer T cells for therapeutic 23 

purposes.  24 

Formation of the IS following TCR ligation results in intense ligand reorganization, including 25 

TCR clustering.22 This aspect is often overlooked in many artificial T cell activation systems, 26 

where anti-CD3 antibodies or pMHCs are immobilized and cannot be reorganized by T cells. 27 

Magnetic forces acting on superparamagnetic nanoparticles bound to TCRs were used to drive 28 

the receptors laterally towards one another, thus resulting in TCR clustering (Figure 6A).83 29 

TCR clusters in the presence of magnetic field were significantly larger than those in the 30 

absence of magnetic field, resulting in greater ex vivo T cell expansion and better tumor control 31 
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and mouse survival in vivo following adoptive transfer of expanded T cells (Figure 6B-D). 1 

Recently, magnetic forces were also used to gently stir (250 rpm) T cells attached to magnetic 2 

microparticles displaying anti-CD3 and anti-CD28 antibodies on their surface.84 Impressively, 3 

T cells expanded up to 12 times more under dynamic conditions compared to static conditions. 4 

However, it is unclear whether this enhanced proliferation is the result of forces acting on TCR 5 

and CD28 receptors or other factors, such as increased contact frequency between T cells and 6 

beads. In vivo, T cell activation takes place in secondary lymphoid organs (SLO) where fluid 7 

flow and changing tissue mechanics create a dynamic mechanical environment. The fluid 8 

movement generated during stirring may mimic this aspect of SLO and enhance T cell 9 

activation and proliferation. Interestingly, a commercially-available platform for 10 

manufacturing of clinical-grade CAR-T cells (WAVE Bioreactor©) is performed on rocking 11 

bioreactors to induced optimal mixing and gas transfer.10 12 

Overall, these studies demonstrate that systems applying forces onto T cell populations globally 13 

can be leveraged to optimize T cell activation and expansion, a key step in the manufacturing 14 

of cell-based therapies.  15 

An alternative strategy for stimulation of T cells using mechanical force relies on 16 

optomechanical actuators,85 which comprise nanoparticles that can absorb infrared light and 17 

shrink upon illumination. The swift particle contraction can generate pN-range forces 18 

transmitted through pMHC molecules to activate T cells. While the cell throughput is relatively 19 

low, mainly due to the limited illumination area (micrometer range), this technique provides a 20 

broad actuation frequency range along with high spatial resolution in a contactless manner.  21 

Despite their promise for precise control of mechanical stimulation of T cells, optical systems 22 

are limited in vivo due to the limited penetration of light through tissues (micrometers to 23 

millimeters).86 Ultrasound offers an interesting alternative as it can safely reach tissues at depth 24 

up to several centimeters and ultrasound-based systems have been widely used in the clinic.87 25 

In addition, microbubbles attached to the cell surface via receptors can be stimulated with low 26 

frequency ultrasounds of 1-2 MHz at depths up to 5 centimeters.88 Acoustic stimulation of 27 

integrin-bound microbubbles on T cells successfully induced calcium influx through Piezo1 28 

channels in T cells in vitro followed by translocation of NFAT transcription factor to the 29 

nucleus (Figure 7A, B). T cells were engineered to express CD19-targeted CARs regulated by 30 

NFAT, thus creating T cells genetically engineered to be specifically activated upon ultrasound 31 

stimulation, i.e. a mechanogenetic system (Figure 7C, D). Therefore, spatiotemporal control of 32 
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CAR-T activation could be potentially achieved using external mechanical signals. Despite the 1 

novelty of this approach, the use of microbubbles coupled to T cells limits its application in 2 

vivo, as shear forces are likely to damage or burst the bubbles during T cell migration and 3 

extravasation. 4 

 5 

5. Outlook 6 

In the past decade, manipulation of T cell responses using biomechanical cues has emerged as 7 

a novel direction for immunotherapy. However, mechanical immunoengineering is still a 8 

nascent field with only a handful of in vivo studies in preclinical models. While these proof of 9 

concept studies have shown great promise, the future development and translation of 10 

mechanical immunoengineering approaches face challenges.  11 

Our understanding of T cell responses to mechanical stimuli, the basis for developing novel 12 

mechanical immunoengineering strategies, is still in its infancy. For instance, pMHC, a natural 13 

TCR ligand, generates a more robust stiffness-dependent T cell response compared to anti-14 

CD3 antibody.17 However, most stiffness-dependent T cell behaviors were observed on anti-15 

CD3-coated artificial surfaces. Understanding the key differences between pMHC and anti-16 

CD3 may help engineer an APC with well-controlled signal strength. Critical and systematic 17 

comparison of the biomechanical behaviors of CD4+ and CD8+ T cells is still lacking. For 18 

example, naïve CD4+ and CD8+ T cells showed striking differences in mechano-sensitivity 19 

when activated on substrates with varying stiffness,17 but the underlying mechanism remains 20 

elusive. In addition, T cell activation is more sensitive to alteration of the stiffness of target 21 

cells compared to artificial antigen-presenting substrates. The reason for this distinct difference 22 

in sensitivity remains unknown. Besides activation, T cell differentiation is key to initiating 23 

and maintaining a desirable T cell response for disease treatments.89 Several recent studies 24 

showed that biomechanical cues can regulate T cell differentiation independently of the 25 

intensity of biochemical signals.49,51 For example, lowering stiffness of HA hydrogel matrix 26 

enhanced induction of central memory-like human CD8+ T cells under constant stimulatory 27 

ligand density.51 However, the pathways or transcription factors involved in mechanical 28 

regulations of T cell differentiation are still unknown. Studying these questions may widen our 29 

understanding of T cell mechanobiology and improve our control of T cell responses.  30 

Synthetic materials are still the most practical platform so far for studying T cell 31 

mechanobiology as their physicochemical properties can be easily adjusted. However, a better 32 
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understanding and control of the chemistry and materials used for studying T cell mechanical 1 

responses is necessary as reports so far show that T cells display different stiffness-dependent 2 

behaviors on different materials.3,46,51 For example, T cell spreading on a PDMS elastomer 3 

substrate is drastically different from that on a PA hydrogel substrate despite exhibiting the 4 

same stiffness.45 Paradoxically, increasing stiffness of HA hydrogel has been reported to 5 

suppress T cell activation51 although increased stiffness induces stronger T cell activation on 6 

other materials (e.g., PA, PDMS, and alginate). These reports underline the urgent need to 7 

dissect some key parameters (e.g., chemical structure, hydrophobicity, and porosity) in material 8 

design, and unify these findings. Furthermore, in most in vitro studies so far, mechanical cues 9 

including stiffness and topography are static and lack the dynamic nature of the physiological 10 

microenvironment. Incorporating mechanical cues resembling the dynamics of biomechanics 11 

in tissues, such as viscoelasticity and stress-stiffening, will provide new insights into T cell 12 

mechanobiology. In general, any controllable system that can fully recapitulate the 13 

physicochemical properties of natural APCs will enhance our understanding of T cell 14 

mechanobiology during activation and potentially foster more precisely controlled mechanical 15 

immunoengineering strategies.  16 

To better understand T cell mechanobiology, measuring and monitoring the spatiotemporal 17 

variation of forces applied on or exerted by T cells is essential. To date, there is a lack of 18 

technologies enabling in vivo monitoring of mechanical forces at the cellular level. Recently, 19 

Vorselen et al. developed a microparticle-based platform for traction force microscopy and 20 

applied it to T cell force measurement.90 This microparticle-based platform, which can be 21 

injected in tissues using needles, shows promise as a method to record the force profile of single 22 

T cells in vivo. Directly measuring forces between T cells and target cells remains a significant 23 

challenge. To this end, DNA force probes hold special promise to measure such intercellular 24 

forces in vivo as it provides good sensitivity in the pN-range and quantitative readouts.91 25 

Applying precise external forces to large scale T cell populations (thousands to millions and 26 

even more) remains challenging due to the complexity and low throughput of the current 27 

techniques, therefore curtailing studies on mechano-responses of T cells at population scale. 28 

Literature in mechanical engineering provides numerous examples of systems that could 29 

potentially be applied to T cells,  including magnetic particles-based systems,92 2D stretching 30 

systems,93 mechanical compression,94 and microfluidic systems.71 For example, using optical 31 

tweezer, Kim et al. claimed that a shear (tangential) force but not a normal force on CD3 could 32 
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trigger its downstream signaling.29 To further confirm this results in a high-throughput manner, 1 

a microfluidic system with flow chamber could be used to apply shear stress to a large 2 

population of T cells. Overall, applying these methods for large-scale studies could potentially 3 

enable researchers to decipher the relationship between external forces and cellular phenotypes, 4 

metabolism, and effector functions. 5 

Moving this highly interdisciplinary field forward in clinical application will require a 6 

concerted effort among physicists, chemists, material scientists, immunologists, and clinicians. 7 

The experience and know-how gained in conventional biochemical immunoengineering 8 

(examples including clinical trials NCT01753089 and NCT03815682 reported in 9 

clinicaltrials.gov) could potentially guide these translations. For example, armored CAR-T 10 

cells express supporting ligands or cytokines to improve their activity through genetic 11 

engineering. Mimicking armored CAR-T design, one can genetically modify T cells with a 12 

mechano-sensing circuit for mechano-controlled expression of CAR or supporting cytokines. 13 

Such a system has the potential to provide additional specificity targeting cancer when 14 

combined with biochemical immunoengineering. In addition, key therapeutic targets regarded 15 

solely as biochemical receptors, such as programmed cell death protein-1 (PD-1),95 provide a 16 

cohort of important subjects for studying the potential role of mechanical cues in regulating 17 

their signaling and functions. For example, anti-PD-1 antibodies (aPD-1) have been used to 18 

block the PD-1/programmed death ligand 1/2 (PD-L1/2) interactions and reverse T cell 19 

exhaustion in tumor. Interestingly, a recent report shows that T cells exert stronger tensile 20 

tension along the PD-1/aPD-1 axis than that on the PD-1/PD-L2 axis,96 implying that 21 

mechanical force may underlie the differential T cell responses upon binding to aPD-1 versus 22 

PD-L1/2. It is fundamentally interesting and therapeutically relevant to determine whether 23 

mechanical force plays a role in PD-1 signaling and thus regulating T cell exhaustion. Finally, 24 

as other immune cells, such as B cells and macrophages,97,98 are also known to sense and 25 

respond to mechanical cues, we envision that the principles discussed here will potentially 26 

advance mechanical immunoengineering in other immune cell types. 27 
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 1 

Figure 1. Schematic illustration of mechanical immunoengineering of T cells using passive 2 
mechanical cues or active mechanical forces for therapeutic applications. PDMS, 3 
polydimethylsiloxane. 4 
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 1 

Figure 2. (A) Schematic of enhanced T cell polyfunctionality toward target cells on stiffer 2 
substrate. (B) Young’s modulus of HeLa-CIITA cells (HeLa cancer cells expressing MHC 3 
class II molecules) cultured on PDMS substrates of different stiffness. (C, D) Production of 4 
IFNγ (C) and TNFα (D) by human CD4+ T cells interacting with HeLa-CIITA cells on PDMS 5 
of varying stiffness in the presence of TSST-1 superantigen of different concentrations. PDMS, 6 
polydimethylsiloxane. Adapted with permission from ref. 46. Copyright 2017 eLife Sciences 7 
Publications. 8 
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 1 

Figure 3. (A) Schematic of stiffness-dependent T cell expansion on an artificial T cell 2 
stimulating matrix (aTM) made from conjugating T cell stimulation signals to a hyaluronic 3 
acid (HA) hydrogel.  (B) Fold expansion of naïve CD8+ T cells on aTMs with varying elastic 4 
modulus (E′). (C, D) B16 tumor growth (C) and survival rate of mice (D) receiving adoptive 5 
transferred T cells expanded by different methods. MHC-Ig, major histocompatibility 6 
complex-immunoglobulin dimer; aAPC, artificial antigen-presenting cell; TCP, traditional 7 
tissue culture plate; SubQ, subcutaneous. Adapted with permission from ref. 51. Copyright 8 
2019 Wiley-VCH. 9 
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  1 

Figure 4. (A)  Schematic of enhanced proliferation of T cells stimulated by an ellipsoidal 2 
artificial antigen-presenting cell (aAPC) compared to its spherical counterpart of similar 3 
volume (volume-weighted diameter ~6.7 µm). (B) Fold expansion of CD8+ T cells. (C, D) 4 
Tumor size (C) and survival rate (D) of B16 melanoma-bearing mice treated with naïve Pmel 5 
CD8+ T cells alone or combined with non-cognate ellipsoidal (NonCognate), cognate spherical, 6 
and cognate ellipsoidal aAPC. MHC-Ig, major histocompatibility complex-immunoglobulin 7 
dimer; PLGA, poly(lactic-co-glycolic acid); AUC, area under the curve. Adapted with 8 
permission from ref. 56. Copyright 2013 Elsevier. 9 
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 1 

Figure 5. (A) Schematic of T cell (T) force-responsive drug release system based on a 2 
mesoporous silica microparticle (M) capped with DNA force sensors (D). Such system (noted 3 
as AbD-M-GEM) was loaded with an anticancer drug, gemcitabine (GEM). TCR, T cell 4 
receptor; Ab, anti-CD3 and anti-CD28 antibodies. (B) Percentage of B16F10 cell death upon 5 
the indicated treatments in vitro. (C) Schematic of an in vivo cancer prevention assay using T 6 
cell force-responsive drug release system. (D) Average tumor areas at day 7 post inoculation 7 
of MC38 cancer cells mixed with indicated agents. sol. Ab, soluble anti-CD3 and anti-CD28 8 
antibodies. Adapted with permission from ref. 4. Copyright 2020 Royal Society of Chemistry. 9 
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 1 

Figure 6. (A) Schematic of a magnetic nanoparticle-based system as an artificial antigen-2 
presenting cell (aAPC) through induced T cell receptor (TCR)/CD3 clustering. (B, C) Average 3 
area of TCR/CD3 clusters (B) and fold expansion of T cells (C) in the presence of magnetic 4 
field. (D) Survival rate of mice bearing subcutaneous B16 tumors and receiving adoptive 5 
transfer of T cells activated by aAPC ex vivo in the presence of a magnetic field. MHC-Ig, 6 
major histocompatibility complex-immunoglobulin dimer. Adapted with permission from ref. 7 
83. Copyright 2014 American Chemical Society. 8 
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  1 

Figure 7. (A) Schematic of a remotely-controlled mechanogenetic (ReCoM) system for 2 
ultrasound (US)-responsive activation of chimeric antigen receptor (CAR)-T cells. (B, C) 3 
Calcium influx (B) and CAR expression (C) of engineered human CAR-T cells from human 4 
PBMCs with or without US stimulation. (D) Relative viability of target tumor cells (Nalm6) 5 
following co-incubation with CAR-T cells engineered with ReCoM system or native CAR-T 6 
cells (plain). PBMCs, peripheral blood mononuclear cells. Adapted with permission from ref. 7 
88. Copyright 2018 National Academy of Sciences USA. 8 


