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Abstract

Adoptive immunotherapy using cultured T cells holds promise for the treatment of cancer and
infectious disease. Ligands immobilized on surfaces fabricated from hard materials such as
polystyrene plastic are commonly employed for T cell culture. The mechanical properties of a
culture surface can influence the adhesion, proliferation, and differentiation of stem cells and
fibroblasts. We therefore explored the impact of culture substrate stiffness on the ex vivo
activation and expansion of human T cells. We describe a simple system for the stimulation of the
TCR/CD3 complex and the CD28 receptor using substrates with variable rigidity manufactured
from poly(dimethylsiloxane) (PDMS), a biocompatible silicone elastomer. We show that softer
(Young’s Modulus [E] < 100 kPa) substrates stimulate an average 4-fold greater IL-2 production
and ex vivo proliferation of human CD4+ and CD8+ T cells compared with stiffer substrates (E >2
MPa). Mixed peripheral blood T cells cultured on the stiffer substrates also demonstrate a trend
(non-significant) towards a greater proportion of CD62L"€9, effector-differentiated CD4+ and
CD8+ T cells. Naive CD4+ T cells expanded on softer substrates yield an average 3-fold greater
proportion of IFN-y producing Tyl1-like cells. These results reveal that the rigidity of the substrate
used to immobilize T cell stimulatory ligands is an important and previously unrecognized
parameter influencing T cell activation, proliferation and Ty differentiation. Substrate rigidity
should therefore be a consideration in the development of T cell culture systems as well as when
interpreting results of T cell activation based upon solid-phase immobilization of TCR/CD3 and
CD28 ligands.
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Introduction

Adoptive immunotherapy holds great potential as a therapeutic modality for the treatment of

a variety of diseases including cancer and chronic viral infections[1]. Central to these
therapeutic approaches are controllable platforms for ex vivo activation of T cells, and
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several cell-based, and artificial substrate systems, have been described[2]. Agonist
antibodies to CD3 and CD28 immobilized on rigid materials like polystyrene plastic, and
glass, are widely used in many of these systems for the activation and expansion of T cells.
These artificial culture substrates are also widely used in basic studies of T cell activation
forming the foundation for much of our knowledge of T signal transduction[3].

The outcome of ex vivo culture for many types of adherent cells is increasingly recognized
to depend upon the mechanical properties of the culture substrate. Fibroblast spreading and
focal adhesion formation is highly dependent upon the force generated by the fibroblast, as
well as the elasticity of the material to which they attach[4, 5]. The differentiation of
pluripotent mesenchymal stem cells is directly linked to the stiffness of the culture
substrate[6]. Similarly, expanding myogenic stem cells on soft hydrogel materials leads to
enhanced self-renewal and improved engraftment into mice[7].

T cells are unlikely to encounter a stimulatory surface with the stiffness of plastic in vivo,
and the stiffness of the solid supports used for ex vivo culture of T cells may have important
influences on their activation, proliferation, and differentiation. It has long been recognized
that anti-CD3e agonist antibodies such as OKT3 and peptide/MHC complexes require
immobilization on solid supports for robust T cell activation [8]. T cell cytoskeleton
integrity and contractility also appear vital for T cell activation [9-11], and models wherein
forces applied by the T cell cytoskeleton to ligand-bound TCR modulate and/or trigger TCR/
CD3 signaling have been proposed [9, 12]. More recent studies have provided direct
evidence for force as a mediator of TCR signal transduction [13, 14]. The demonstration that
the immunotyrosine-based activation motif (ITAM) in the CD3e chain can be activated by
conformational changes in ITAM interaction with the inner leaflet of the plasma membrane
provides at least one possible mechanism by which force might be able to mediate signals
through the TCR/CD3 complex [15]. In addition to the direct role of force in TCR/CD3
complex signal transduction, many proteins involved in TCR and co-stimulatory receptor
signal transduction directly or indirectly interact with the actin cytoskeleton[16]. The
structure and dynamics of the actin cytoskeleton, which is affected by attachment substrate
stiffness[17], has been reported to play an important role in supporting and regulating signal
transduction at the immune synapse[18, 19].

We describe a novel system for stimulating T cells under conditions of variable substrate
stiffness based upon a biocompatible polymer. We show that softer substrates used for
immobilizing T cell ligands significantly enhance T cell activation and expansion. We also
demonstrate effects of rigidity on Ty cell differentiation. These results have implications for
the ex vivo culture of T cells that forms the foundation for many adoptive immunotherapy
approaches currently being pursued in clinical trials. They also suggest that the mechanical
properties of the substrate used for immobilizing T cell surface receptor ligands, especially
TCR/CD3 and CD28 receptor ligands, should be considered when interpreting basic studies
of signal transduction and T cell activation.

Materials and Methods

Fabrication of silicone-based culture surfaces

PDMS surfaces were fabricated by mixing dimethylsiloxane monomer (Dow Corning
Sylgard 184) with its corresponding cross-linking agent according to manufacturer
instructions. The ratio of crosslinking agent to base polymer was varied from 1:5 to 1:50.
PDMS elastomer slabs of > 1 mm were cured at 60°C for 2 hours in multiwell plates prior to
use in T cell culture experiments. Young’s Modulus (E) of PDMS prepared at each ratio of
crosslinking agent to elastomer base was estimated using a custom-built indentation
apparatus. Slabs of PDMS (32 mm x 43 mm) with a thickness of ~10 mm were deformed
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using a flat, cylindrical head, which makes a no-slip contact with the PDMS surface. A
calibrated mass was applied to this head, producing a deflection of the PDMS slab. Hertzian
contact between the head and PDMS was assumed[20], which allows estimation of the
material’s Young’s modulus from the head diameter (D), deflection (h), weight (m),
gravitational constant (g), and Poisson ratio (v), assumed to be 0.5 for PDMS using the

- . g
following equation: E= (1 - v2) Mk =

Coating of PDMS surfaces with antibodies for T cell stimulation

Cured PDMS elastomer was incubated with a goat anti-mouse 1gG (Cappel, MP
Biomedicals) in PBS overnight at 4°C. Unless otherwise indicated, a concentration of 1 g/
mL was used. Following PBS rinsing, a 1hr incubation with a blocking buffer containing 5%
BSA was performed. After washing, agonist monoclonal antibodies to human CD3e (5 g/
mL, OKT3, Roche Pharmaceuticals) and human CD28 (5 pg/mL, clone 9.3, kind gift of Dr.
Carl June) were captured by incubation in PBS for 2 hrs followed by washing before use.

Primary Cell Preparation and Cell Culture

Primary peripheral blood lymphocytes were obtained under approval by the University of
Pennsylvania Institutional Review Board. Purified total T cells, CD4+ T cells or CD8+ T
cells were isolated using RosetteSep isolation kits (Stem Cell Technologies). Naive CD4+ T
cells were obtained by further depletion of CD45RO+ cells using human CD45RO-specific
magnetic microbeads, LD selection columns and a VarioMACS system (Miltenyi Biotec).
Lymphocytes were cultured in either X-VIVO 15 or RPMI (Lonza) supplemented with 5%
human serum (GemCell) or 10% Fetal Bovine Serum (Hyclone), respectively, with 10 mM
HEPES, L-glutamine, penicillin G and streptomycin. 4.5 pm beads with immobilized anti-
human CD3 and anti-human CD28 (a kind gift of Dr. Bruce Levine, University of
Pennsylvania) were used in some experiments at a ratio of 3 beads to 1 cell. T cells were
maintained in culture at a concentration of 0.8 - 1.0 x 108 cells/mL by regular counting on a
Multisizer 111 particle counter (Beckman-Coulter). In some experiments, cells were also
counted by flow cytometry using CountBright beads (BD Biosciences) and monoclonal
antibodies to human CD4 and CD8.

Quantitative real-time RT-PCR (qRT-PCR) analyses for IL-2 mRNA

Total RNA was isolated from cells using an RNeasy kit (Qiagen). cDNA was generated by
reverse transcription using a High Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Carlsbad, CA). cDNA was amplified with a predesigned primer-probe set for
hIL-2 (Hs00174114_m1; Applied Biosystems). A B-actin specific primer-probe set
(Hs999999 03_m1; Applied Biosystems) was used as a normalization control. gqRT-PCR
assays were performed on a 7500 Fast Real-Time PCR system thermal cycler (Applied
Biosystems) using the comparative C; model. In experiments where the stability of I1L-2
mRNA was evaluated, CD4+ lymphocytes were seeded at 0.5 x 10° cells/well. After 6 hrs,
these cultures were treated with/without cyclosporine A (1076 M; Sigma-Aldrich) or
Actinomycin D (5 pg/mL, Sigma-Aldrich) to inhibit de novo IL-2 mRNA transcription.
Cells were harvested as indicated, and IL-2 mMRNA was determined by qRT-PCR analyses
as described above.

Antibodies and Flow Cytometry

At the indicated time following activation, cells were stained with a panel of monoclonal
antibodies to CD3, CD4, and CD8, CD45RA, CD45R0, CD62L, CCR7, CD27 and LIVE/
DEAD Aqua dye (Invitrogen). Flow cytometry was performed using an LSRII (BD
Biosciences, San Jose, CA), and data were analyzed using FlowJo software (Treestar, Inc.,
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Ashland, OR). In experiments in which proliferation was assessed using CFSE dilution, cells
were stained with 5 M CFSE for 5 min, washed twice and re-suspended in culture medium

prior to initiation of the culture as indicated. Flow cytometry was performed on cells on day

3, and data were analyzed using the Proliferation module as implemented in FlowJo.

Statistical Analysis

Results

Student’s ttest for paired data, Wilcoxon Rank Sum or a one-way analysis of variance
(ANOVA) were performed using GraphPad Prism version 4.0a (GraphPad Software Inc.). A
p-value of < 0.05 was considered statistically significant.

PDMS as a substrate with controllable rigidity for T cell activation and culture

PDMS, a biocompatible organosilicon polymer commonly used as a lubricant, anti-caking
agent in foods and anti-bloating agent was selected as a substrate for antibody
immobilization. Following crosslinking of the base polymer, PDMS forms an elastomeric
material with a highly hydrophobic surface [21]. Proteins, including antibody, passively
adsorb to this hydrophobic surface. Alteration of the crosslinking-agent-to-base-polymer
stoichiometry in the commonly used Sylgard 184 preparation of PDMS provides a simple
method for varying the elastic modulus of PDMS from a Young’s modulus of > 2.3MPa
(stiff) to a range of 50-100 kPa (soft) (Fig. 1A). Prepared this way, this material has been
used to study the effects of substrate rigidity on fibroblast focal adhesion formation [4].
Adsorption of anti-CD3 (OKT3) and anti-CD28 (clone 9.3) antibodies to the surface of
PDMS provides a system for activation of T cells on substrates with varying elastic
modulus, analogous to standard immobilization on more rigid polystyrene tissue culture
plastic or glass. Quantitative measurement of enzymatically-coupled primary capture
antibody (Fig. 1B) as well as fluorescently-labeled OKT3 and clone 9.3 (data not shown)
demonstrate that the amount of antibody adsorbed on PDMS surfaces with varying elastic
modulus is equivalent despite changes in the ratio of base polymer to crosslinking agent.
Both OKT3 and clone 9.3 also demonstrated stable binding over the course of 48 hours with
< 20% loss of antibody at 37°C in complete culture medium independent of the crosslinker
ratio (Fig. 1C). Clone 9.3 appeared to demonstrate a slightly more rapid loss from stiff
surfaces compared soft surfaces; however, the quantity of bound clone 9.3 was not
significantly different between the PDMS surfaces at 48 hours, after which T cells are
typically transfer to uncoated culture vessels for log-phase ex vivo expansion using planar
activating substrates.

Initial evaluation of T cell activation demonstrated that softer PDMS stimulatory substrate
increased IL-2 secretion (Fig. 1D). Since the stiffer PDMS substrates contain more
crosslinking agent, we considered the possibility that one of the components in the
crosslinking agent may be toxic, leading to non-specific inhibition of T cell activation and
IL-2 secretion. In order to evaluate this possibility, we simultaneously stimulated T cells
with antibody-coated magnetic microbeads in the presence of PDMS with variable rigidity.
Unlike T cells stimulated with antibodies immobilized on the PDMS substrate, microbead-
stimulated IL-2 secretion was comparable across the different PDMS surfaces, arguing
against a toxic effect of PDMS elastomer or its crosslinking agent (Fig. 1D).

Since antibody density is an important factor affecting T cell activation and proliferation, we
evaluated the ability of primary human peripheral blood CD4+ T cells to undergo
proliferation in response to varying density of OKT3 and clone 9.3 on PDMS surfaces. We
observed both antibody density-dependent and stiffness-dependent effects on T cell
proliferation. Using a carboxyfluoroscein succimidyl ester (CFSE) dilution assay, greater
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proliferation was reproducibly observed at 72 hours on softer surfaces. The difference in
proliferation became more pronounced as the coating concentration of the goat-anti-mouse
capture antibody decreased below 1 pg/mL with the proliferation completely lost on harder
surfaces at coated with antibodies at low concentration (0.1 pg/mL Fig. 1E).

Polyclonal expansion of peripheral blood T cells is enhanced by culture on softer

substrates

The demonstration that anti-CD3 and anti-CD28 immobilized on PDMS substrates with a
lower elastic modulus stimulate greater I1L-2 secretion and short-term proliferation suggested
that manipulation of substrate rigidity could be a useful parameter in the ex vivo expansion
of T cells. We therefore evaluated the ability of PDMS substrates to support more long-term
proliferation of T cells. We observed a graded increase in overall polyclonal expansion of
naive CD4+ T cells across PDMS substrates with decreasing Young’s elastic modulus (Fig.
2A). On average, a 4-fold increase in overall culture yield is observed when comparing the
softest PDMS substrate (1:50 cross-linker to base ratio) to the stiffest PDMS substrate (1:5
cross-linker to base ratio). The difference in overall expansion is primarily due to a more
prolonged log-phase growth rather than a difference in the rate of proliferation (Fig 2B).
This enhanced log-phase expansion correlates with a more prolonged blast-phase as shown
by the increase in mean cellular volume during the course of the culture (Fig 2C). Similar to
IL-2 secretion (Fig. 1D), CD4+ T cells cultured on PDMS surfaces, but activated by anti-
CD3 and anti-CD28 immobilized on microbeads rather than PDMS, demonstrate
comparable proliferation supporting the non-toxic nature of PDMS and the dependency on
PDMS immobilization for the observed enhancement in the T cell proliferative response
(Fig. 2D). Experiments were also performed using soluble anti-CD3 and anti-CD28
antibodies with goat-anti-mouse IgG coated PDMS surfaces to create an equilibrium binding
state that avoids the loss of antibody from pre-coated surfaces. A similar ~4-fold enhanced
CDA4+ T cell expansion was observed with the softer surfaces supporting an effect of PDMS
rigidity rather than differential antibody binding between the PDMS surfaces (Supplemental
Fig. 1).

Given the significant enhancement in polyclonal expansion of naive CD4+ T cells, we
evaluated the ex vivo expansion of a mixed population of CD4+ and CD8+ peripheral blood
T cells, a population of cells that is more reflective of the starting population currently being
employed for many adoptive immunotherapy studies. Consistently, the softer surface also
supported an average 4-fold increase in overall T cell expansion compared with stiffer
substrate (Fig 3A and 3B). This effect was observed in both CD4+ and CD8+ T cells. Since
the increase in expansion for a mixed population of cells could be explained by differential
expansion of individual T cell subsets, we evaluated the surface phenotype of cells prior to
expansion and at the end of the log phase of expansion. Table 1 shows that the ratio of CD4
to CD8 T cells were comparable between both conditions of rigidity following expansion.
The surface expression of CD62L, a cell surface marker routinely used to distinguish
memory from effector T cell subsets also exhibited a trend (non-significant, p=0.0745 for
CD8+ T cells and p=0.1821 for CD4+ T cells) toward more CD62L-negative cells following
expansion on stiffer surfaces, as shown in Fig 3C. We further evaluated the phenotypic and
functional characteristics of T cells expanded on soft and stiff PDMS surfaces to examine
regulatory T cells, effector function and T cell exhaustion. Neither T cells derived from
cultures on soft or stiff PDMS surfaces exhibit a regulatory phenotype based upon flow
cytometric markers of regulatory T cells (Supplementary Figure 2). The Treg cell-specific
demethylated region (TSDR) in the FOXP3 locus promoter was hypomethylated following
expansion of CD4+ T cells on both PDMS surfaces. CD4+CD25+ and CD4+CD25- T cells
expanded from either PDMS surfaces also failed to suppress conventional T cell
proliferation when cocultured with PBMC’s from a separate donor. Although the effector
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phenotype of the T cells was highly variable between donors, the frequency of cells
expressing IFN-y and TNF-a following activation (Supplementary Figure 3A & 3B) and
perforin (< 5% positive in CD4+ T cells and > 70% positive in CD8+ T cells, data not
shown) are largely similar between cells cultured on soft and stiff surfaces. The cells also
showed similar low expression of markers of T cell exhaustion including 2B4, Lag-3, and
PD-1 (Supplementary Figure 3C & 3D).

These findings show that a simple decrease in elastic modulus of the substrate used to
immobilize T cell activating antibodies can significantly enhance the T cell activation and
proliferative response to these signals. Furthermore, the effects of stiffness are not subset
dependent, with similar effects observed in both CD4+ and CD8+ T cells.

Softer substrates stimulate greater IL-2 secretion primarily through enhanced
transcription

Autocrine production of IL-2 promotes clonal expansion of T cells. Correlating with the
enhanced proliferation observed in T cells stimulated with softer substrates, we observed a
4-fold increase in IL-2 production between mixed T cells stimulated on softer compared
with stiffer substrates (Fig. 4A). The regulation of IL-2 gene expression is well described to
occur at both the level of transcriptional activation and post-transcriptional RNA stability
[22]. We therefore investigated the effect of substrate rigidity on IL-2 mRNA expression
and stability. To address IL-2 mRNA stability, we took advantage of the specific inhibition
of IL-2 transcription afforded by the calcineurin inhibitor, cyclosporine A (CsA)[23], in
addition to the less-specific transcriptional inhibitor, actinomycin D. While the expression of
IL-2 mRNA was significantly higher at 6 hours on softer substrates (Fig 4B), the kinetics of
mRNA decay following transcriptional arrest by CsA were strikingly similar on both soft
and rigid substrates (Fig. 4C). Comparable results were also obtained with actinomycin D
(data not shown). These findings indicate that the enhanced IL-2 secretion by T cells
stimulated on softer substrates is primarily due to enhanced transcription at the IL-2 gene
rather than a difference in the post-transcriptional regulation of IL-2 mRNA stability.

Softer substrates enhance naive CD4+ T cell Thl-like differentiation

The impact of softer substrates on T cell activation and proliferation led us to consider
whether substrate rigidity might also alter CD4+ T cell differentiation since the “strength” of
the TCR signal has been reported to affect helper T cell differentiation. The anti-CD3 and
anti-CD28 conditions of activation used in our study have been reported to generate cells of
a primarily Thl-like phenotype[24]. We therefore evaluated the frequency of IFN-vy-
producing T cells following expansion of naive CD4+ T cells. Naive CD4+ T cells isolated
by magnetic bead separation were highly enriched for cells with a CD45RA+, CD62L +
phenotype (Fig. 5A). Following expansion on either the soft or stiff surfaces, the cells
exhibited comparable proportions of CD62L+ and CCR7+ cells (data not shown); however,
the cells expanded on soft surfaces exhibited a 3-fold increase in the proportion of cells
capable of producing IFN-y (Fig. 5B and 5C). Combined with the observed enhancement in
expansion, softer surfaces produce an ~1-log greater number of IFN-y-producing T cells.
Greater than 80% of T cells produce IFN-vy, independent of culture surface in the presence
of exogenous I1L-12, demonstrating that T cells expanded on stiff substrates are capable of
differentiation (data not shown). Based upon these results, we conclude that substrate
rigidity might be a useful parameter for controlling CD4+ T cell expansion, particularly in
mixed T cell cultures where the cytokine milieu may be difficult to control.
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Discussion

This report is the first study to our knowledge demonstrating that the elastic modulus of a
cell culture surface influences the activation, proliferation, and differentiation of T cells in
ways that could be advantageous for adoptive immunotherapy. Previous studies established
that T cells discriminate between surface-bound TCR/CD3 complex ligands and their
corresponding soluble forms[8, 12]. Our work extends this current body of knowledge,
providing evidence that the mechanical properties of the underlying surface used for
immobilization is also important, potentially modifying the forces that are generated by T
cells and/or the forces sensed within the immune synapse affecting the T cell activation
process.

PDMS was selected for our studies due to its established biocompatibility and stability along
with the ease by which its mechanical properties can be modified through variation of the
crosslinker-to-base-polymer ratio. It is possible that additional material properties of PDMS
change with the variation in crosslinker ratio. Protein adsorption to a surface is highly
dependent upon both the hydrophobicity and electrostatic properties of the surface[25].
PDMS is well known to be highly hydrophobic, with a surface hydrophobicity, as measured
by the contact angle of water, that changes little with variation in the crosslinker-to-base-
polymer ratio[26]. We demonstrate comparable antibody adsorption and stability across the
crosslinker-to-base ratios used in our study, which is largely consistent with other studies of
PDMS surface hydrophobicity and passive adsorption of protein[27]. Brown et al., using a
layer-by-layer polyanion coating on PDMS with variable stiffness, reported some
differences in surface roughness and water contact angle following their surface treatment.
These differences appeared to impact vascular smooth muscle cell spreading in the absence
of serum; however, cell spreading was similar when serum was present [28].

Physical forces at the TCR/CD3 complex have been linked to intracellular signaling events.
Dynamic imaging studies of T cells interacting with supported planar bilayers and solid
glass supports demonstrate that TCR microclusters and signaling complexes initially form at
the periphery of the immune synapse [19]. This peripheral area of the immune synapse is
rich in actin and myosin, with force exerted on many adhesive receptor-ligand interactions
by actin-driven, lamellipodial extension of the T cell membrane as well as myosin-driven
contraction of the actin network[9]. The importance of actin-driven force in the generation
of TCR signal transduction is highlighted by studies demonstrating that inhibition of actin
polymerization affects T cell activation [12, 19, 29, 30]. Inhibition of myosin light chain
kinase by blebbistatin or the depletion of myosin I1A has also been demonstrated to severely
inhibit T cell receptor signaling, supporting a critical role for cell-generated force in the T
cell activation process[10].

Changes in the stiffness of the TCR/CD3 ligand support substrate would be expected to
dampen the forces applied to individual adhesive receptor-ligand interactions. The range of
force necessary to induce signal transduction by the TCR compared with the force necessary
to disrupt the mechanical linkage between the receptor and its ligand is currently unknown;
however, bond strength and bond lifetime change with the application of a loading
force[31]. While the bond between avidin and biotin (Kq of ~1071°) is one of the strongest
non-covalent associations, with a lifetime (1/koff) on the order of ~109 seconds, this bond’s
lifetime is reduced dramatically under load to <1 sec with a pN-range load[32]. Much lower
forces are therefore expected to have significant effects on the lifetime of bonds between
antibodies or TCRs and their ligands, which are several orders of magnitude weaker in their
binding affinity. While the softer surfaces used in our studies have sufficient stiffness to
trigger TCR signaling, the net effect of the softer surface may be to provide prolongation of
receptor-ligand binding and signaling leading to more effective stimulation. Unfortunately,
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the testing of this hypothesis requires the ability to evaluate dynamic signaling in the context
of measuring the lifespan of receptor-ligand interactions and/or molecular-scale forces, both
of which are currently technically challenging in the context of living cells.

While mechanical force appears to play a central role in the activation and maintenance of
TCR signal transduction, it may also modify downstream signal transduction by the TCR
and other receptors affecting immune synapse formation and stability. Focal adhesions (FA)
in cells such as fibroblasts depend upon mechanical tension applied to adhesion sites for
their assembly[4, 5, 33, 34]. Many of the same proteins that regulate FA assembly, such as
Pyk2, FAK, p130Cas, paxillin, vinculin and talin are also present within T cells at the
immunological synapse (1S)[35-39]. The presence of these proteins, and other mechano-
sensitive proteins within the 1S, provide mechanism(s) by which forces at the synapse,
modified by the substrate rigidity, could influence T cell signal transduction, synapse
formation and stability and the activation process.

It is possible that the observed effect of modifying the rigidity of T cell activating substrates
could also be relevant in vivo. Cytoskeletal changes within dendritic cells are reported to
alter the process of T cell activation[40-43]. MHC molecules and co-stimulatory ligands
such as CD80 also appear to be anchored to the dendritic cell cytoskeleton[44, 45]. Since the
actin cytoskeleton represents a gel with viscoelastic properties not unlike PDMS,
modification of the cytoskeleton may be a mechanism used by dendritic cells to alter
synapse formation, dynamics and ultimately the T cell activation process. Cells attached to
solid substrates assume a cytoskeletal rigidity that is proportional to the rigidity of their
attachment substrate[17]. Although yet to be evaluated, the pliancy and tension of the
surrounding ECM within a lymph node likely change quite dramatically during the course of
an immune response as the lymph node undergoes marked hyperplasia and distention.
Studies to evaluate the dynamic mechanical properties of the ECM within a lymph node or
lymphoid tissue during an immune response are currently lacking, but should be an area of
future study.

Our observation that substrate rigidity affects the Ty-cell differentiation of T cells could be
explained by a number of factors. Although cytokines certainly play a critical role,
differentiation of T-cells towards different fates also depends upon TCR ligand density and
duration of signaling [46-49]. Cell-ECM interactions have also been linked to the control of
gene expression in cells. The PDZ-domain-containing transcription factors YAP and TAZ
were recently demonstrated to be important nuclear mediators of ECM-stiffness-induced
mesenchymal cell differentiation[50]. These pathways or other mechanosensitive pathways
could affect lymphocyte differentiation in ways that have not been previously considered,
and may depend upon the mechanical properties of culture systems employed to study T
cells.

In addition to the fundamental importance of our findings to the basic study of T cells, a
culture system with altered mechanical properties may also have useful applications to the
field of adoptive T cell immunotherapy. Anti-CD3 and anti-CD28 antibodies immobilized
either on planar plastic surfaces or plastic microbeads are a commonly employed system for
activating T cells ex vivo/3, 24]. Efficient expansion of T cells, especially from patients with
cancer, represents a significant challenge. The observation of enhanced expansion on softer
surfaces with retention of a mostly CD62LM memory-like phenotype suggests that a softer
substrate might increase the feasibility of adoptive immunotherapy for more patients,
especially in challenging diseases like leukemia where few peripheral blood T cells are
available in the circulation for expansion. The increased frequency of IFN-y-producing cells
observed with softer substrates also suggests that T cells expanded on a softer surface may
have improved function following adoptive therapy in cancer. Thl-differentiated, IFN-vy-
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producing cells have been shown in pre-clinical immunotherapy models to be important for
efficacy[51].

In summary, these data highlight a novel role for the elastic modulus of a T cell culture
surface, a previously unrecognized culture parameter for lymphocytes. Using PDMS
elastomers we demonstrate that stimulatory substrate rigidity can be controlled to effect
changes in T cells of biologic importance. Although not directly evaluated in this study,
these data also support the role of force in T cell activation by their antigen receptor. We
provide evidence that PDMS, a biocompatible polymer, could be used as a platform for the
ex vivo culture of T cells for adoptive immunotherapy with potential advantages over
currently used rigid plastic surfaces.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AT cell culture surface with controlled elastic modulus can be generated using
variably cross-linked PDMS

(A) The elastic modulus of PDMS was measured as described in the Materials and Methods.
Horizontal bars represent the mean of four independent batches of PDMS. (B) PDMS
surfaces were coated with the indicated concentration of biotinylated goat-anti-mouse IgG.
Adsorbed antibody was detected by incubation with horseradish peroxidase conjugated to
streptavidin and TMB followed by measurement of the optical density (OD) at 450 nm. Data
presented is representative of two independent experiments. Symbols indicated replicate
wells performed within the experiment. (C) Fluorescently-conjugated antibodies against
CD3 (OKT3) and CD28 (9.3) were simultaneously applied to PDMS surfaces pre-coated
with goat-anti-mouse IgG at 5 mg/mL followed by washing and blocking. The fluorescent
signal intensity at the surface for each antibody was measured by fluorescence microscopy,
and normalized to the signal intensity observed on the 1:10 PDMS surface. Surfaces were
stored for 2 days in serum-containing culture medium at 37°C, 5% CO», and the surface
fluorescence was measured at the indicated time points. Bars represent mean change in
fluorescence intensity with the 95% confidence interval for 3 independent experiments with
5 replicates per experiment. (D) Supernatants were collected from primary human CD4+ T
cells grown in X-VIVO 15 culture medium on PDMS surfaces coated with OKT3 and clone
9.3 for 24 hrs. IL-2 was measured by ELISA. Cells were stimulated with anti-CD3/anti-
CD28-coated microbeads and cultured in wells containing uncoated PDMS as a control.
Data were analyzed by a Repeated-measures one-way ANOVA and a Neuman-Keuls
multiple comparison test for post-hoc analysis. Values are means + S.D. from 4 independent
experiments (*P< 0.05 for PDMS 1-5 vs 1-25; ** P<0.05 for PDMS1-5 vs 1-50 and 1-10vs
1-50). (E) CFSE-labeled T cells were stimulated on the indicated PDMS surface coated with
anti-CD3 and anti-CD28 for 3 days. CFSE content was assessed by flow cytometry.
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Figure 2. Human naive CD4+ T cell proliferation is enhanced by softer surfaces

(A) CD45RO-depleted CD4+ T cells were stimulated on anti-CD3 and anti-CD28 coated
PDMS surfaces of varying rigidity for three days prior to transfer to uncoated culture
vessels. Cell enumeration was performed every other day beginning on day 3 until the
number of cells in the culture ceased increasing and the mean cell volume is below 350 fL.
The maximum number of population doublings is plotted with the horizontal bars
representing the mean and each symbol representing a separate donor. Data were analyzed
by a one-way ANOVA (p = 0.0261). All groups were compared using a Newman-Keuls
multiple comparison test with the difference between the 1:5 and 1:50 group statistically
significant as indicated. (B) CD45RO-depleted CD4+ T cells were stimulated as in panel A.
Cells were enumerated at the indicated time points. Data presented is representative of 7
independent experiments with separate donors. (C) The mean cell volume of a mixed
population of T cells expanded on the PDMS surfaces as indicated. Data were analyzed by a
one-way ANOVA and a Newman-Keuls multiple comparison test for post-hoc analysis.
Values represent means £ S.D. from 6 independent healthy donors (*P<0.05; **p<0.05). (D)
CD4+ T cells were stimulated with anti-CD3 and anti-CD28 antibodies immobilized on
either PDMS or 4.5 pm microbeads as indicated in the figure with each line representing the
results from a separate donor. Culture was performed as in panel A. Data represent the
maximum number of population doublings achieved following a single round of stimulation.
The number of population doublings for cells cultured on soft or stiff PDMS surfaces was
compared under each stimulation condition using a paired, two-tailed Student’s t-test with
the indicated p-value.
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Figure 3. The expansion of mixed human peripheral blood T cells is enhanced on soft substrates
(A) Representative growth curves for total T cells, CD4+ and CD8+ T cells expanded on 1:5
and 1:50 PDMS coated with OKT3 and clone 9.3 in X-VIVO 15 culture medium. CD4+ and
CD8+ T cells were enumerated by flow cytometry as described in the materials and
methods. (B) The overall number of population doublings achieved for total T cells, CD4+,
and CD8+ T cells stimulated by 1:5 or 1:50 PDMS coated with OKT3 and clone 9.3. Results
are derived from 6 separate experiments using T cells from independent healthy donors. The
1:5 and 1:50 conditions were compared using a Paired, two-tailed Student’s t-test
(*P<0.0008 for total T cells grown on a soft surface relative to hard; **P<0.0013 for CD4+
T cells grown on a soft surface relative to hard; ***P<0.0036 for CD8+ T cells grown on a
soft surface relative to hard). (C) Representative data on the expression of the memory
markers CD62L and CCR7 in T cell subsets prior to expansion and following expansion on
PDMS substrates. The graphs to the right of the flow cytometry plots show a summary of
the percent of CD4+ or CD8+ T cells lacking CD62L expression at the end of the culture
period. All cultures began with a mixed population of human peripheral blood CD4+ and
CD8+ T cells from 7 separate healthy donors.
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Figure 4. Softer substrates increase IL-2 expression independent of mRNA stability

(A) Cellular supernatants were collected from mixed populations of human T cells grown on
PDMS surfaces coated with OKT3 and clone 9.3 for 24 hrs in RPMI culture medium. IL-2
was measured by a human IL-2 specific ELISA. The results shown are derived from 5
separate healthy donors. (B) CD4+ T cells were stimulated on PDMS substrates coated with
OKT3 and clone 9.3. Cells were harvested after 20-24 hrs and IL-2 mRNA expression was
measured by gRT-PCR analysis following normalization to B-actin as described in the
materials and methods. Values represent the means + S.D. from four independent
experiments. (C) T cells were stimulated on PDMS substrates coated with OKT3 and clone
9.3. After 6 hrs, cyclosporine A was added (t=0 hrs) to the culture to inhibit IL-2
transcription. IL-2 MRNA was measured by gRT-PCR analysis with normalization to the
t=6 hrs mMRNA expression for each PDMS condition.
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Figure 5. Stimulatory substrate rigidity influences the frequency of IFN-y producing cells
derived from naive CD4+ T cell cultures

(A) CD45R0O-depletion generates CD4+ T cells with a homogenous CD45RA+ naive
phenotype. Data are representative of the minimum purity from experiments with three
independent donors. (B) Naive CD4+ T cells were stimulated on OKT3 and clone 9.3 coated
PDMS surfaces in RPMI culture medium and expanded until termination of log phase
growth. The T cells were restimulated with PMA and ionomycin for 5 hrs in presence of
GolgiStop followed by paraformaldehyde fixation, permeabilization and staining for
intracellular IFN-y. The flow cytometry plots shown are representative of 3 independent
donors. (C) The mean percentage of IFN-y positive cells (= SEM) from three independent
experiments with separate donors as analyzed in panel B. The 1:5 and 1:50 conditions were
significantly different when compared using a two-tailed Student’s t-test (*p = 0.0219).
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