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Abstract

T cells recognize mechanical forces through a variety of cellular pathways, including mechanical 

triggering of both the T-cell receptor (TCR) and integrin LFA-1. Here we show that T cells can 

recognize forces arising from the mechanical rigidity of the microenvironment. We fabricated 3D 

scaffold matrices with mechanical stiffness tuned to the range 4-40 kPa and engineered them to be 

microporous, independently of stiffness. We cultured T cells and antigen presenting cells within 

the matrices and studied T-cell activation by flow cytometry and live-cell imaging. We found that 

there was an augmentation of T-cell activation, proliferation, and migration speed in the context of 

mechanically stiffer 3D matrices as compared to softer materials. These results show that T cells 

can sense their 3D mechanical environment and alter both their potential for activation and their 

effector responses in different mechanical environments. A 3D scaffold of tunable stiffness and 
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consistent microporosity offers a biomaterial advancement for both translational applications and 

reductionist studies on the impact of tissue microenvironmental factors on cellular behavior.

1. Introduction

When T cells recognize their cognate antigen on the surface of antigen presenting cells 

(APCs), they form a complex three-dimensional structure known as the immune synapse 

(IS) [1]. The IS, which facilitates communication between T cells and APCs via receptor-

ligand interactions, is critical for T-cell activation, and constitutes a platform for the delivery 

of effector molecules (e.g. the contents of cytolytic granules). At the molecular level, 

receptor-ligand interactions at the IS trigger a series of signaling cascades. These TCR-

proximal signals initiate transcriptional programs controlling T-cell proliferation, 

differentiation, and effector function.

The actin cytoskeleton is critical for T-cell biology, and pharmacological disruption of F-

actin severely cripples T-cell motility, IS formation, and T-cell activation [2]. While 

cytoskeletal rearrangement is crucial for IS formation, the state of the cytoskeleton prior to T 

cell-APC conjugation is also important. We have previously shown that naive T cells are 

mechanically stiffer than activated effector T cells [3]. This difference in stiffness allows the 

more pliable effector T cells to form larger IS with APCs upon initial triggering, increasing 

the number of receptor-ligand interactions and enhancing activation. Thus, the T-cell 

cytoskeleton acts as a layer of regulation, allowing effector cells to sensitively respond to 

APCs. The stiffness of the antigen-presenting surface that T cells interact with also plays a 

role in activation. Experiments examining the interaction of T cells with stimulatory 2D 

surfaces of varying stiffnesses have demonstrated that relatively stiffer surfaces provide a 

stronger stimulus [4–9]. Elastic moduli around 15-20 kPa enable maximal spreading of T 

cells and optimal activation [10]. The cytotoxicity of T cells is also affected by substrate 

stiffness [11]. All these experiments have been performed in 2D, i.e., on surfaces.

While the mechanical properties of the T cell and the antigen-presenting surface have been 

investigated, the effect of the mechanical properties of the 3D microenvironment on actin-

dependent T-cell functions such as motility, IS formation, and activation has barely been 

examined. The properties of 3D scaffolds can be manipulated by altering the density of 

polymers and crosslinkers. As cells migrate through scaffolds, they interact with functional 

groups that act as ligands for cell surface receptors, presented by the polymer. Thus, 

increasing polymer density results in a concomitant increase in ligand density and a decrease 

in mesh size, which alters cell-polymer interactions. On the other hand, keeping polymer 

content constant and varying the crosslinker density also alters the mesh size of the gel, 

which directly impacts molecular diffusion and cell motility [12]. While stiffness and ligand 

density can be modulated independently of polymer content with some synthetic polymers, 

the direct relationship between crosslinker density and mesh size has made it difficult at best 

to relate cell behavior to pure stiffness. Fortunately, in the case of the biodegradable polymer 

alginate gelation is induced by calcium ions. Due to the formation of G-blocks that provide 

pockets for calcium entrapment, the stiffness of the gel can be altered by varying the 

concentration of calcium ions without altering the ligand density or pore size.
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Here we sought to mimic a range of biologically relevant stiffnesses that T cells experience 

while patrolling secondary lymphoid organs and peripheral tissues. We developed 3D porous 

alginate-based scaffolds that had similar rigidities to lymph nodes. Due to the unique 

characteristics that the alginate biopolymer possesses, we were able to modulate the rigidity 

of our scaffolds without affecting their porosity or ligand density. We used these scaffolds to 

study motility, proliferation, morphology, and immune synapse formation by T cells. We 

found that mechanically stiffer scaffolds enhanced T-cell activation in 3D cultures, akin to 

what has been observed for 2D substrates. Our morphological studies of T cells in hard and 

soft scaffolds revealed increased cell spreading in hard scaffolds. This effect likely 

contributes to the enhanced immune synapse size, activation, and proliferation we observed 

for cells cultured in stiff scaffolds.

2. Results and Discussion

2.1 Alginate-based matrix with constant microporosity with tunable elasticity.

To study how the mechanical stiffness of a 3D environment affects T-cell activation, 

proliferation, and IS formation, we developed a microporous, alginate-based, 3D scaffold 

(see Methods). To improve cell adhesion within these scaffolds, the alginate polymer was 

modified with RGD peptides. We screened polymers with a wide range of mechanical 

properties by titrating polymer and calcium concentration. Measurements of polymer 

stiffness demonstrated that we could modulate stiffness over two orders of magnitude by 

varying alginate density from 0.5% to 2.5% and calcium concentration from 10 mM to 60 

mM (Fig. 1a). Gels with an order-of-magnitude difference in stiffness (4 and 40 kPa) in the 

range of biologically relevant tissues [13] were chosen for further study. To assess whether 

changing the stiffness altered the pore size, we acquired images of the microporous structure 

of our 3D gels by scanning electron microscopy (SEM) (Fig. 1b,c). We found that both the 

40 and 4 kPa gels had a pore size of approximately 130 μm (Fig. 1d). These results reveal an 

ability to prepare 3D scaffolds of tunable stiffness and consistent microporosity.

2.2 T-cell motility within matrices

Given the importance of motility for T-cell function, we tracked T-cell migration in hard (40 

kPa) and soft (4 kPa) gels using live-cell confocal microscopy. Fluorescently-labeled cells 

were seeded into gels and imaged over time crawling within the 3D scaffolds (Fig. 2a). Our 

analyses revealed that the average speed of T cells crawling within hard scaffolds (4.7 ± 0.3 

μm/min, average ± 95% CI), was higher than within soft scaffolds (4.0 ± 0.2 μm/min) (p < 

1x10−5) (Fig. 2b). These speeds are in a biologically relevant range for T cells as seen in 

prior works ([14,15]). The ~20% higher speed of cells within stiffer scaffolds affords a 

higher probability of interaction between T cells and APCs. Thus, these findings are 

consistent with the fact that T cells were more activated and proliferative in the stiffer gels.

2.3 T-cell activation and effector functions within matrices

To examine the effect of 3D scaffold stiffness on CD4+ T-cell activation, we cultured T cells 

and monitored their proliferation. We seeded naive, CFSE-labeled CD4+ T cells purified 

from OT-II TCR transgenic mice plus peptide-loaded APCs into hard (40 kPa) and soft (4 

kPa) 3D alginate scaffolds. To contrast 3D culture with conventional approaches, we 
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prepared 2D alginate-RGD gels with same mechanical stiffnesses as the 3D scaffolds 

(Supplemental Fig. 1). T cells and peptide-loaded APCs were placed onto these 2D 

substrates. Sequential generations of daughter cells result in roughly two-fold dilution of the 

CFSE dye when analyzed by flow cytometry. We also monitored the expression of the 

activation marker CD25 on the T cells. The stiffer substrate induced more proliferation in 

both 2D and 3D conditions than the softer substrate (Fig. 3a and b). Interestingly, the effect 

of stiffness on proliferation was greater in 3D scaffolds than on 2D surfaces (Fig. 3c and d). 

There were slightly more undivided cells in 3D conditions. We hypothesize that the 

increased degrees of freedom experienced by cells in a 3D matrix makes successful T cell-

APC conjugation less frequent, and thus some T cells remained unactivated, as compared 

with crawling on a 2D surface. However, the proliferation index (a measure of the 

proliferative response of the cells that divided at least once) was higher in the stiff 3D 

environment (Fig. 3d). This result suggests that there is enhanced activation when T cells 

encounter an APC in 3D. In agreement with the proliferation data, upregulation of CD25, a 

cell-surface marker of T-cell activation, was more robust on stiffer substrates (Fig. 3e).

Effector responses of T cells can be assayed not only by proliferation and upregulation of 

activation markers like CD25, but also by production of key cytokines. To study whether 

cytokine expression is modulated by the mechanical microenvironment, we monitored the 

expression of IL-2, IFN-γ, and TNF-α in T cells cultured with peptide-pulsed APCs in 3D 

scaffolds of hard or soft stiffness by intracellular cytokine staining. We found that the 

percentage of cells that expressed these cytokines was higher in hard 3D scaffolds than those 

in softer scaffolds (Fig. 3f–h, isotype controls shown in Supplemental Fig. 2, example data 

in Supplemental Fig. 3). Moreover, in examining the single-cell amount of cytokine 

expressed in these responsive cells, the T cells responding to antigen in the stiffer matrix 

produced more effector cytokines than those in a softer matrix (Fig. 3i–k, example data in 

Supplemental Fig. 3). Some minor differences were noted in comparing cytokines elicited in 

3D versus 2D. Notably, the expression of both TNF-α and IL-2 were higher in 2D than 3D. 

These results show that effector functions of T cells are augmented in stiffer 3D 

microenvironments as compared to softer environments.

2.4 T-cell activation with artificial APC microparticles within matrices

To better understand if the differential activation of T cells cultured in stiff and soft scaffolds 

above could have been indirect, i.e., arisen from the effects of stiffness upon the antigen 

presenting cells, we next examined the activation of T cells using artificial APC beads as the 

stimulus, which are unsusceptible to local micromechanics. We seeded microparticles 

fabricated from alginate and coated with anti-CD3 and anti-CD28 antibodies, as previously 

described [16], into the 3D scaffolds. As before we prepared 2D alginate-RGD gels with 

mechanical stiffnesses like the 3D scaffolds. We introduced naive, CFSE-labeled CD4+ T 

cells into the 3D scaffolds or onto the 2D substrates. For a few experiments, we introduced a 

third “medium” mechanical stiffness to offer an intermediate condition of 25 kPa. The stiffer 

substrate induced more proliferation and induced more of the activation marker CD25 than 

the softer one; the intermediate substrate was essentially the same as stiff (Fig. 4a–e). This 

result shows that there the enhanced activation of T cells encounter in stiff 3D scaffolds is 

independent of any mechanical effect of the APC.
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As we did with real APCs, we studied whether cytokine expression by T cells is modulated 

by the mechanical microenvironment using the artificial APC microparticle beads. We found 

that the percentage of naïve T cells that expressed the effector cytokines was higher when 

activated in hard 3D scaffolds than those in softer scaffolds (Fig. 4f–h, example data in 

Supplemental Fig. 4). The single-cell amount of cytokines expressed in these T cells was 

greater in the stiffer matrix than in a softer matrix (Fig. 4i–k, example data in Supplemental 

Fig. 4) These results confirm that the augmentation of effector functions of T cells in stiffer 

3D microenvironments as compared to softer environments is intrinsic to the T cell itself.

2.5 Immune synapses

Next, we studied the IS formed by T cells in our 3D alginate scaffolds and compared them to 

synapses formed on 2D hydrogels. We have previously shown that the size of the IS with 

antigen presenting cells correlates with T-cell activation [3]. The same has been shown when 

T cells interact with antibody-coated surfaces [10]. We seeded effector CD4+ T cells 

purified from spleens of OT-II TCR transgenic mice plus ovalbumin-loaded APCs into hard 

(40 kPa) and soft (4 kPa) 3D alginate scaffolds. To compare synapses formed in 3D with 2D, 

we prepared 2D alginate-RGD gels of the same mechanical stiffnesses. T cells and peptide-

loaded APCs were placed onto these 2D substrates. As a control, we generated T cell-APC 

synapses by co-culturing them in pellet in a microtainer tube (see Methods). As a proxy for 

IS size, we measured the volume of the adhesion molecule LFA-1 that accumulated at the T 

cell-APC interface [3, 17]. LFA-1 plays a crucial role in IS formation [17], and is not 

expressed on the B cells that we used as APCs in these experiments, making it an ideal 

protein to define the extent of the T-cell IS [3]. We also stained the T cell-APC conjugates 

for the cytoskeletal protein F-actin. We found that immune synapses of T cells formed in 

stiff matrices (Fig. 5a–c) were significantly larger than those formed in soft matrices (Fig. 

5d–f). There were no notable differences in the ultra-structural organization of actin and 

LFA-1 in the region of the IS in comparing T cells encountering APCs in stiff (Fig. 5g–i) 

and soft matrices (Fig. 5j–l). This finding held for T cells activated in 3D matrices or upon 

2D substrates (Fig. 5m; 2D and control synapses shown in Supplemental Fig. 5). However, 

the IS formed under 3D conditions were significantly larger than those formed on 2D gels, 

offering a mechanistic explanation for the greater activation and proliferation seen in the 

prior experiments.

Because mechanosignaling through integrins has been the subject of many studies in 

lymphocytes and other cells, we sought to understand if the RGD peptide serving as an 

integrin ligand in our biomaterials was influencing T-cell activation. We prepared new stiff 

3D matrices (~40 kPa) lacking RGD peptide and compared with those bearing RGD peptide. 

To eliminate any influence from integrin ligands on APCs, we used artificial APC beads as 

the stimulus for T cells, as above. We found that T cells were more activated in substrates 

bearing RGD peptide than those without (Supplemental Fig. 6). The T cells in an 

environment lacking RGD were even less activated than those cultured in soft 2D or 3D 

environments with RGD (c.f. Fig. 3b), despite the ample presence of stimulatory beads. This 

experiment suggests that T cell responses in 3D environments may lost if there is no 

tethering and/or ligation of integrins. Notably, the integrin signal provided by RGD here is 

coming in trans from the activation signal on beads, suggesting that T cells can integrate 
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signals from multiple distinct spatial sources. Mechanical tethering of ICAM-1, a major 

integrin ligand on APCs, has been shown to augment T cell activation through adhesive 

maturation of the integrin LFA-1 and signaling [18]. In addition, the impact of LFA-1 

ligation has been well established as an important signal for polarization, clustering, 

activation, and effector activities of T cells [19–22], but disentangling the effects of these 

other signaling pathways versus mechanics was not attempted here.

Taken together, these results show that T cells have larger immune synapses with APCs, 

become more activated, and show more proliferation when encountering antigen in a 

mechanically stiff 3D microenvironment. Notably, the effector T cells in these experiments 

were previously, commonly activated before seeding into the various environments, and thus 

any differences in the subsequent interactions with APCs captured in these synapses were 

not due to differences in activation. Rather, we speculate these differences represent changes 

to the cytoskeletal adaptivity of T cells [3] due to the micromechanical environment.

3. Conclusion

In vivo, T cells are activated and carry out their effector functions in a 3D tissue environment 

comprising cells as well as polymeric matrices of collagen, hyaluronan and other polymers. 

However, the vast majority of in vitro experiments - which form the basis for much of our 

knowledge of T-cell biology - are carried out on plastic plates that are orders of magnitude 

stiffer than any biologically relevant substance. This practice continues even though it is 

accepted that the stiffness of the extracellular substrate affects the function of many different 

cell types [23]. Moreover, recent work has established that slow-moving cells like fibroblasts 

can sense time-dependent viscoelasticity independently from the elastic modulus of a 

substrate [24] and can even exploit viscoelasticity of materials to facilitate migration [25]. 

Whether this level of time-dependent mechanosensing occurs in highly motile cells like T 

cells has not been demonstrated.

Recently, several groups have demonstrated that the T-cell receptor itself senses mechanical 

forces through the development of a catch bond between the TCR and the pMHC [26]. Our 

group and others have further detailed the mechanical forces acting on the TCR to trigger 

activation [27,28]. We showed that the forces needed to trigger the TCR arise from the 

stereotypical pushing and pulling movements of the T cell itself after initial triggering. The 

pushing forces, when visualized at the cellular scale, are seen as an early, transient spreading 

of the contact area, allowing for greater contact between the T cell and APC in the immune 

synapse and enabling engagement of more TCRs [28,29]. When measured by AFM [28], 

micropillars [30], or traction force microscopy [8], the subsequent pulling forces generated 

by single T cells range from 100 pN to 1 nN. On the single-TCR level, these forces were 

found by DNA tension probes to range from 10-20 pN [31], which allows for identification 

of potent ligands and, subsequently, activation of the mechanosensing capability of the TCR. 

Mechanical contacts between the TCR the MHC, in addition to other key molecules like 

integrins and their ligands, support a nuanced view of TCR triggering that goes well beyond 

simple ligation and entails the actin cytoskeleton and a variety of signals [32].
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The TCR is embedded in a fluid membrane buttressed by a complex cytoskeletal scaffold. 

Thus, anchoring of pMHC on a stiff substrate allows the TCR to experience a greater force 

when these molecules interact. Indeed a number of groups have investigated the role of 

anchoring TCR ligands on various substrate stiffnesses using 2D synthetic polymers such as 

PDMS and polyacrylamide [4,5,9]. Across many experimental modalities, the finding has 

been consistent: within the physiological range, the stiffer the anchoring, the greater the T-

cell activation. Our work here is distinguished from these prior papers because our T cells 

were activated by antigen borne on antigen presenting cells rather than by antigen anchored 

directly to the stiff or soft substrate. These data could support the notion that the APC may 

convey some microenvironmental environmental information to T cells. Thus, to discern 

whether APC’s role is paramount, we tested T-cell activation here using soft, artificial APC 

beads that are not influenced by the microenvironment, and T-cell activation was still 

augmented in the mechanically stiff 3D context as compared to the soft regime. Taken 

together, T cells can sense 3D environmental micromechanical stiffness whether the 

stimulatory signal comes from APC or artificial APC beads.

The mechanism by which T cells sense mechanics is as yet unclear; however, recent work 

supports a role for integrin signaling. Artificially increasing the tethering of the integrin 

ligand ICAM-1 on the APC side of the synapse facilitates activation of T cells, matures 

LFA-1, and influences the T-cell cytoskeleton [18,33]. Our own work here supports that 

integrin binding is important to mechanosensing in 3D. It is well known that the integrin 

LFA-1 on T cells binds to its ligand ICAM-1 on APCs. Anchoring of ICAM-1 to the APC 

cytoskeleton enhances the molecular forces acting on LFA-1, leading to the unfolding and 

“maturation” of the LFA-1 receptor into a higher affinity state for its ligand. Thus, forces 

acting on the T cell through the ICAM-1-LFA-1 system offer a route to co-stimulation that is 

independent of TCR triggering [18,34]. Another mechanism has been proposed to explain 

how mechanical stiffness is sensed through anchoring of LFA-1 by ICAM-1. Constrained, 

mature LFA-1 reduces the catalytic activity of the inhibitory phosphatase SHP-1 through 

interactions with the actin cytoskeleton and its centripetal flow [35]. Whether integrin 

signaling is paramount in mechanosensing is still unclear. Another route by which T cells 

could sense forces is through microenvironmental stiffness acting on their cytoskeleton or 

nuclear envelope [23,36]. This kind of mechanosensing would not act through the TCR or 

LFA-1, but rather through other intracellular sensors or through the cytoskeleton itself [37].

Optimal methods to exploit the mechanical properties of the 3D microenvironment on T-cell 

activation are lacking. A recent work showed that T cells sense differences between 2D and 

3D collagen gels as well as high and low density 3D collagen gels, but this biomaterial 

unfortunately couples changes in stiffness with changes in porosity [38]. Another recent 

work compared 3D polystyrene mesh and Matrigel (a heterogeneous, nanoporous 3D matrix 

comprising collagens, laminin, proteoglycans and other ECM proteins) to 2D culture and 

found an enhancement in T-cell proliferation in 3D cultures [39]. 3D porosity has a major 

impact on motility and cytoskeletal regulation, and thus the use of Matrigel or collagen 

confounds studies of highly motile cells like T cells. Difficulties in tuning the stiffness of 3D 

biomaterials without dramatically altering their porosity has been a roadblock in pursuing a 

reductionistic understanding of the role of tissue mechanics [12]. Regardless, the potential 

scientific and clinical applications are compelling: encapsulation and therapeutic delivery of 
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T cells in hydrogels offers much potential for cancer immunotherapy and other adoptive cell 

therapies [40–42].

The development here of scaffolds of tunable stiffness and consistent microporosity thus 

represents an advance for T-cell biology. In summary, this work shows that T cells can sense 

their 3D mechanical environment.

4. Experimental Materials and Methods

4.1 Chemicals and Biologicals

Unless noted otherwise, all chemicals were purchased from Sigma-Aldrich, Inc. (St. Louis, 

MO). All glassware was cleaned overnight using concentrated sulfuric acid and then 

thoroughly rinsed with Milli-Q water. All the other cell culture reagents, solutions, and 

dishes were obtained from Thermo Fisher Scientific (Waltham, MA), except as indicated 

otherwise.

4.2 Scaffolds

To form the scaffolds, we first oxidized the alginate (Mw ~250 kDa, high G blocks; 

Novamatrix UP MVG, FMC Biopolymer, Rockland, Maine) with sodium periodate (1.5 %), 

overnight at room temperature, then quenched the reaction by dropwise addition of ethylene 

glycol for 45 min. We then dialyzed the solution (MWCO 3.5 kDa) against deionized water 

for 3 d followed by lyophilization. Afterward, the alginate was dissolved in MES (MES 150 

mM, NaCl 250 mM, pH 6.5) and covalently conjugated to RGD-containing peptide 

(GGGGRGDY; GenScript USA Inc., Piscataway, NJ) using carbodiimide chemistry (NHS/

EDC). The reaction was continued for 24 h followed by dialysis (MWCO 20 kDa) and 

lyophilization. This alginate-RGD complex in PBS was then cross-linked via calcium sulfate 

solution. The gels were casted in desired 24- or 96-well plates followed by two overnight 

washes to get rid of extra calcium ions and then used as 2D matrices. For 3D structures these 

same scaffolds were frozen at −80 °C, lyophilized for 3 d, and stored at 4 °C before cellular 

studies.

We prepared an array of different alginate formulations by varying either the polymer 

content or the amount of crosslinker (here CaSO4). To measure the mechanical stiffness of 

our gels we used Instron 5542 mechanical tester and all the samples were tested at a rate of 1 

mm/min. The Young’s modulus was then calculated from the slope of the linear region that 

corresponds with 0–10% strain. The softer gel comprised alginate 1.25% with 10 mM 

CaSO4. The medium gel comprised alginate 2.5% and 30 mM calcium. The stiffer gel 

comprised alginate 2.5% with 40 mM CaSO4.

Scanning electron microscopy (SEM) images of the gels were taken to see the cross-

sectional microstructure and porosity of the alginate-RGD scaffolds. The lyophilized 

scaffolds were freeze-fractured (using liquid nitrogen) for cross-sectional images. The 

scaffolds were sputtered with iridium (South Bay Technology Ion Beam Sputtering) prior to 

imaging with a ZEISS Supra 40VP scanning electron microscope (Carl Zeiss Microscopy 

GmbH). The sizes of pores from different parts of the SEM images were then measured and 

analyzed using ImageJ software (NIH).
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Preparation and characterization of artificial APC microparticles—Alginate 

microparticles were formed using microfluidic platform according to our previous report 

[16]. Briefly, a mixture of alginate solution (1% w/v) and 4-arm PEG hydrazide (5 kDa, 

Creative PEG work, Chapel Hill, NC) (5 mM) was used as the inner aqueous phase. Mineral 

oil (plus 10 wt% Span 80) was used as the continuous phase. To form 4.5 μm alginate-based 

microparticles, 2 and 28 μL/min were used for the alginate and oil flows, respectively. 

Formed droplets were collected in a calcium bath (100 mM CaCl2) and left at room 

temperature for 45 min for ionic crosslinking. The microgels were washed and centrifuged 

twice at 15,000 rpm for 10 min before further incubation in a solution containing 

hydroxybenzotriazole (HOBt) and 1-ethyl-3-(3-dimethylaminopropyl) carbodi-imide (EDC) 

for 2 h. Microparticles were then dialyzed against deionized water for three days to remove 

any residual and unreacted reagents, followed by freezing at −20 °C and lyophilization. 

Particles were then resuspended in deionized water for further use.

For the preparation of antibody-conjugated microparticles, anti-CD3 (clone 2C11; Bio-X-

Cell) and anti-CD28 (clone 37.51; Bio-X-Cell) were covalently conjugated to the surface of 

particles using EDC/NHS chemistry. After activation of particle’s carboxylic groups for 10 

min, microparticles were washed with PBS twice and then antibodies were added to the 

particles and incubated under gentle stirring at 4 °C overnight. The protein-functionalized 

microparticles were then separated from the solution and washed several times. Unreacted 

functional groups were quenched by washing samples in Tris buffer (100 mM, pH 8). A 10-

fold dilution of the conjugation density that is used in conventional plate-bound stimulation 

method for T-cell activation was picked as the final conjugation density for beads. Micro-

BCA assay was used to quantify total amount of surface conjugated antibodies according to 

the manufacturer’s protocol.

To immobilize beads to the scaffolds, the freeze-dried scaffolds were activated with 

EDC/NHS for 15 min. Then the scaffolds were washed twice with PBS (supplemented with 

0.42 mM CaCl2) before addition of 5 × 106 artificial APC microparticles. APC 

microparticles and scaffolds were then incubated at 4 °C for 4 h. Unbound microparticles 

were then washed away and 5 × 106 T cells were added to the scaffolds and cultured for 5 

days to study their effector functions.

4.3 T-cell isolation and activation

All in vitro experiments were conducted in accordance with UCLA’s institutional policy on 

humane and ethical treatment of animals following protocols approved by the Animal 

Research Committee. Five- to eight-week-old OT-II TCR transgenic mice (Jackson Labs) 

were used for all experiments. Cell-culture media was RPMI supplemented with 10% heat-

inactivated FBS, 1% penicillin/streptomycin, 1% sodium pyruvate, 1% HEPES buffer, 0.1% 

μM 2-mercaptoethanol. CD4+ T cells were purified using negative selection enrichment kits 

(Stem Cell Technologies).

In vitro activation of CD4+ T cells was performed by culturing 1×106 cells/mL in tissue 

culture-treated 24-well plates that were pre-coated with anti-CD3 (clone 2C11; Bio X Cell) 

at a concentration of 10 μg/mL plus addition of 2 μg/mL soluble anti-CD28 (clone 37.51; 

Bio X Cell).
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4.4 Immune synapses

To form in vitro, 2D or 3D immune synapses we used T cells from OT-II TCR transgenic 

mice (Jackson Labs) as above. T cells were extracted from spleens and CD4+ T cells were 

then purified using EasySep immunomagnetic negative selection (Stem Cell Technologies). 

Cells were then activated on plates as above. Effector T cells were then collected from wells 

and allowed to proliferate in interleukin-2 (IL-2, BRB Preclinical Repository, NCI, NIH)-

containing medium (50 U/mL), prior to being used for experiments on days 3 to 5 of 

incubation. The I-Ab-bearing B-cell lymphoma line LB27.4 was purchased from the 

American Type Culture Collection and used as APCs for immune synapses. LB 27.4 cells 

were incubated with Ova peptide (1 μM) for several hours prior to co-culture with T cells.

For synapse formation on 2D or 3D hard vs. soft substrates.—Effector CD4+ T 

cells were mixed with antigen-pulsed APCs and then immediately seeded into 2D or 3D 

matrices. Then, for experiments in a 3D context, a mild centrifugation was performed to help 

with dispersion of the cells within the scaffolds and incubated at 37 °C for 30 min. 

Afterward, to evaluate just the synapses that were formed within the scaffold and not the 

ones that have been formed on the plastic bottom of the wells we physically transferred the 

scaffolds into new wells. Following transfer, they were fixed immediately with 4% PFA for 

30 min. Then the gels were lysed using EDTA (50 mM) and alginate lyase (porcine, 

SigmaAldrich, 3.4 mg/mL). After digestion of the scaffold and recovery of the cells, 

followed by three centrifugation rounds to remove the dissolved polymer. Cells then were 

seeded on 8 well-plate Labtek II chamber pre-modified with Poly-D-lysine. The rest of 

staining and imaging are detailed below.

Control experiments.—A ratio of one peptide-pulsed LB27.4 APC cell to one T cell 

were mixed, followed by centrifugation for 1.5 min at 500 x g in a 1.5 mL Eppendorf 

microfuge tube. This pellet was then incubated at 37 °C for 15 min. Afterwards the pellet 

was gently pipetted and plated into 8-well Poly-D-lysine-coated Labtek II chambers. The 

chamber was then centrifuged for 1 min at 50 x g.

Staining and imaging.—The supernatant was removed from Labtek chambers, wells 

were washed once with PBS and fixed with 4% PFA. Then to permeabilize cells for 

intracellular staining, 0.1% Triton X-100 in PBS was incubated with cells for 5 min and 

blocked in 5% donkey serum for at least an hour. To stain the cells we used antibodies 

against LFA-1 (clone I21/7) and 4G10 with Alexa Fluor 568–conjugated phalloidin (Life 

Technologies) and DAPI. After several washes, wells were incubated with fluorescently 

conjugated secondary antibodies (Jackson ImmunoResearch). Eventually, samples were 

covered with Fluoromount-G with DAPI (eBioscience) and stored at 4 °C before imaging. 

For confocal imaging we used a 100× Plan Apo numerical aperture (NA) 1.4 objective 

(Nikon). Synapses were measured based on LFA-1 and actin accumulation at the T cell–

APC interface as calculated in ImageJ/Fiji.

4.5 Flow cytometry

For flow cytometry analysis, antibodies to mouse CD4, CD25 (clone PC61.5), CD44 (clone 

IM7), were purchased from eBioscience, BioLegend, or BD Biosciences. To study 
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proliferation behavior of T-cell responses during various treatments their expansion was 

measured by 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester (CFSE) dilution. 

For CFSE dilution experiments, 5 × 105 naive CD4+ T cells were labeled with 2 μM CFSE 

for 13 min, followed by two washes and then incubation with splenocytes. Splenocytes were 

extracted from the spleen of wild type C57Bl/6 mice. Then the cells were incubated in ACK 

lysis buffer (Gibco) for 5 min at room temperature to remove red blood cells. The remaining 

cells were then treated with ova peptide as above to present to T cells. Trypan Blue was 

purchased from Calbiochem. Cells were analyzed on a Cytek DxP10 flow cytometer using 

FlowJo software (Treestar/BD).

For intracellular cytokine staining (ICCS), cells were fixed with cold 4% paraformaldehyde 

(PFA) for 20 min at room temperature and then permeabilized with 0.5% saponin for 10 min 

before blocking with PBS + 1% BSA + 5% donkey serum and staining with appropriate 

antibodies at 1:100 dilution. Cells were washed and analyzed by flow cytometry as above. 

The following antibodies were used for ICCS from Biolegend: IL-2 (clone JES6-5H3, APC, 

Cat #503808); TNF-α (clone MP6-XT22, PE, Cat #506313), IFN-γ (clone XMG1.2, 

BV421, Cat #505814); mouse IgG1 isotype control (clone MOPC-21, Cat #400112, Cat 

#400135); mouse IgG2a isotype control (clone MOPC-173, Cat #558055, Cat #558053).

4.6 Live-cell imaging

For the experiments regarding to the velocity measurement of T-cell migration on 2D gels or 

within 3D scaffolds, CD4+ T cells were stained with CellTrace CFSE (1 μM) as per the 

manufacturer’s protocol (Life Technologies). The scaffold was mounted in a Delta T dishes 

(Bioptechs), which kept the media warmed to 37 °C. For experiments in presence of LB 27.4 

cells as APCs, B cells were loaded with ovalbumin peptide prior to introduction to T cells 

and then seeded in matrices. Fields were imaged every 12 or 15 s for 10-20 min with a 40× 

Plan Fluor NA 0.6 extra-long working distance objective (Nikon). Imaris software (Bitplane/

Oxford Instruments) was used to track CellTrace CFSE-loaded T cells over time. Velocities 

and other statistics were exported from Imaris and analyzed in R.

4.7 Statistical analysis

We employed permutation testing for all statistical comparisons including synapse size, 

proliferation, and activation markers. We used the permutationTest2 function of the 

“resample” package of R to calculate p values and determine the 95% confidence intervals, 

performing 50 to 100,000 permutations. Horizonal lines in all figures show the bootstrapped 

mean and boxes show the 95% confidence interval calculated from bootstrapping using the 

CI.t function of the “resample” package.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Modulation of alginate gel stiffness without affecting porosity.
a, Different formulations of materials were screened by changing the concentration of the 

alginate polymer or calcium crosslinker. Stiffness values (Young’s modulus) were measured 

on an Instron mechanical tester. Boxes are the soft, medium, and stiff conditions chosen for 

experiments in this paper. b, SEM images of three scaffolds with an order of magnitude 

difference in mechanical stiffness. Hard scaffolds were ~40 kPa, Medium scaffolds were ~25 

kPa, and soft scaffolds were ~4 kPa. Images were taken from a region within the bulk of the 

scaffold. Scale bar is 100 μm. c, The size of at least 75 pores in each scaffold were measured 

from SEM images. Average pore sizes were 131.9 ± 6.1 μm for hard scaffolds, 136.1 ± 8.1 

μm for medium scaffolds, and 130.9 ± 5.5 μm for soft scaffolds and were not significantly 

different. Bootstrap mean ± 95% CI shown (box).
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Fig. 2. T-cell motility is enhanced in stiff 3D scaffolds.
a, T cells crawling through microporous alginate scaffolds were imaged for 10 min. T-cell 

migration in soft (left) and stiff 3D scaffolds (right) were tracked with Imaris. Tracks are 

color-coded for average track velocity ranging from 0 to 12 μm/min. b, Mean velocity of 

cells crawling through soft and hard scaffolds. Each dot is the average track velocity of a 

single T cell. Bootstrapped mean and 95% CI are boxed.
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Figure 3. T-cell activation is modulated by the stiffness of 3D scaffolds.
(a and b) FACS analysis of CD25 expression and cell division (CFSE dilution) of CD4+ T 

cells co-cultured with peptide-pulsed APCs on 2D (a) or 3D (b) scaffolds with different 

stiffnesses. Cells were assayed at three days post-stimulation. (c-e) Percentage of cells that 

divided at least once (c), proliferation index of divided cells (d), and mean fluorescence 

intensity (MFI) of CD25 (e) are plotted for cells activated on 2D or 3D and stiff or soft 

scaffolds. (f-h) Percentage of T cells expressing the effector cytokines IL-2, IFN-γ, or TNF-
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α. (i-k) Expression amount (MFI) of cytokines for those T cells making cytokines. Each dot 

represents one experiment.
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Figure 4. T-cell activation by microparticles is modulated by the stiffness of 3D scaffolds.
CD4+ T cells co-cultured with artificial APC microparticles on 2D (a) or in 3D (b) scaffolds 

with different stiffnesses. (a and b) FACS analysis of cell division (CFSE dilution) and 

CD25 expression assayed at three days post-stimulation. (c) Percentage of cells that divided 

at least once. (d) Percentage of T cells upregulating CD25 and (e) mean fluorescence 

intensity (MFI) of CD25. (f-h) Percentage of T cells expressing the effector cytokines IL-2, 

IFN-γ, or TNF-α. (i-k) Expression amount (MFI) of cytokines for those T cells making 

cytokines. Each dot represents one experiment.
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Figure 5. Immune synapse size is governed by the stiffness of 3D scaffolds.
(a-f) 3D confocal fluorescence microscopy examples of immune synapses formed by T cells 

and APCs seeded into (a-c) stiff (40 kPa) or (b-f) soft (4 kPa) 3D scaffolds. LFA-1 is 

magenta and F-actin is cyan. Cell nuclei were stained with DAPI (blue). Scale bar is 10 μm 

(for a-f). (g-l) Reconstructed 3D surfaces in Imaris showing images of LFA-1 and Actin in 

the formed IS in stiff (g-i) and soft (j-l) scaffolds. Colocalization of reconstructed 3D 
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surfaces given in (g) and (j). (m) The volumes of LFA-1-positive voxels at T cell-APC 

interfaces were measured for IS formed under 2D or 3D conditions or control.
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