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Soft Synthetic Cells with Mobile Membrane Ligands for Ex
Vivo Expansion of Therapy-Relevant T Cell Phenotypes

Anna Burgstaller, Nils Piernitzki, Nadja Kiichler, Marcus Koch, Thomas Kister,
Hermann Eichler, Tobias Kraus, Eva C. Schwarz, Michael L. Dustin,

Franziska Lautenschldger, and Oskar Staufer*

The expansion of T cells ex vivo is crucial for effective immunotherapy but
currently limited by a lack of expansion approaches that closely mimic in vivo
T cell activation. Taking inspiration from bottom-up synthetic biology, a new
synthetic cell technology is introduced based on dispersed liquid-liquid
phase-separated droplet-supported lipid bilayers (dsLBs) with tunable
biochemical and biophysical characteristics, as artificial antigen presenting
cells (aAPCs) for ex vivo T cell expansion. These findings obtained with the
dsLB technology reveal three key insights: first, introducing laterally mobile
stimulatory ligands on soft aAPCs promotes expansion of 1L-4/IL-10 secreting
regulatory CD8" T cells, with a PD-1 negative phenotype, less prone to
immune suppression. Second, it is demonstrated that lateral ligand mobility
can mask differential T cell activation observed on substrates of varying
stiffness. Third, dsLBs are applied to reveal a mechanosensitive component in
bispecific Her2/CD3 T cell engager-mediated T cell activation. Based on these
three insights, lateral ligand mobility, alongside receptor- and
mechanosignaling, is proposed to be considered as a third crucial dimension

1. Introduction

Activation of T cells is a fundamental phys-
iological process for immunity. It is also a
critical initial step for the ex vivo expan-
sion of T cells that are applied for adoptive
T cell transfer in cancer immunotherapy.!"!
One of the current challenges that limit
a wider application of such immunother-
apeutic approaches is the reliable expan-
sion of T cells with suitable phenotypes
from a small patient-derived starting popu-
lation of immune cells. Although this poses
a significant challenge, it also presents an
opportunity to explore the practical appli-
cation of emerging bioengineering con-
cepts, such as bottom-up synthetic biol-
ogy and engineering natural cell-synthetic
cell interfaces. Specifically, the challenge
lays in the need to expand T cells in

for the design of ex vivo T cell expansion technologies.

a phenotypic state compatible with ef-
fective therapies, e.g. non-exhausted cells
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with increased resistance against immunosuppression, memory-
formation, regulatory functions and effector potency.?] Fine-
tuning the phenotypic composition of the expanded T cell popu-
lations is also a crucial requirement to tailor T cell products to
the specific needs of different immunotherapeutic approaches
(TCR transduced T cells, chimeric antigen receptor T cells or
reinfused tumor infiltrating lymphocytes®!). With the use of
antibody-decorated polystyrene-based beads (e.g., Dynabeads or
MACSiBead) that cross-link and activate CD3, CD2 or CD28 re-
ceptors on T cell membranes, the simple expansion of T cells
ex vivo has become a routine procedure.*! Effectively, such dis-
persed beads mimic in vivo signaling by antigen presenting cells
(APCs) and provide a controlled and reproducible technology for
generating large numbers of T cells by means of biomimetic ar-
tificial APCs (aAPCs).I! Particularly, the application of dispersed
aAPC particles presents advantages in comparison to antibody
functionalized surfaces, such as hydrogels or solid supports, due
to their compatibility with 3D cultures and their facile upscaling
to therapeutic and industrial-scale production systems.

However, while cell-mimicking solid antibody-decorated beads
are able to initiate crucial events in T cell signaling, like T cell
receptor triggering and co-stimulation (signal I and II during
T cell activation),®! they fail to provide key biophysical cues of
APCs that direct and fine-tune the T cell expansion and differen-
tiation process in vivo.[>”] Biophysical characteristics that aAPCs
need to emulate to reach more programmable T cell expansion
include cell stiffness, density of ligands, size, surface topography,
and notably, lateral mobility of ligands on a membrane. In this
biophysical context, several studies highlight the importance of
mechanosensation for T cell stimulation and the role of aAPCs
stiffness for successful T cell activation.l®] Increased 1L-2 produc-
tion from mouse CD4* T cells has been correlated with increas-
ing stiffness of a stimulating polyacrylamide hydrogel.l’) On the
other hand, a reverse trend has been observed for polydimethyl-
siloxane (PDMS)-based substrates and human CD4* T cells.}] A
more recent study suggests that these two seemingly conflicting
trends could be inherently interconnected and represent a bipha-
sic mechanosensitive response.l'!l Of note, mechanosensation
has also been demonstrated in other immune cells, such as NK
cells, where dispersed alginate particles substrates with varying
stiffnesses have been applied to assess mechanotransduction.!?]
These studies demonstrate that stiffness plays a critical role in
modulating essential aspects of T cell activation and differenti-
ation, underscoring the need for advanced aAPC technologies
that effectively cover a broader range of tissue stiffnesses, which
lay between 1 kPa (lymphatic tissue) to some hundred kPa (solid
tumors).11314

Arguably of greater significance then stiffness-related effects,
previous aAPC approaches have relied on immobilized and ad-
sorbed ligands on solid, elastomer or hydrogel supports, which
fail to emulate the dynamic mobile lipid membrane environment
and membrane-membrane interface present in the in vivo sce-
nario. Specifically, the lateral mobility and spatial segregation of
receptors and ligands have been identified as critical factors for
the formation of immune synapse (IS) architectures at the APC-
T cell interface.’>16] ISs are central regulatory structures that or-
chestrate initial signaling events during T cell expansion. Regula-
tory ligands and co-receptors such as PD-1, CD58, CTLA-4, CD28
or ICAM1 distinctly and spatially segregate into supramolecu-
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lar clusters, regulatory contact zones and receptor microclusters
that are essential for accurate antigen recognition, regulation of
downstream signaling and prevention of unregulated interac-
tions for controlled T cell activation.['’] Importantly, accurate IS
assembly largely relies on lateral ligand mobility to enable for-
mation of the spatially segregated zones by APCs that direct T
cell activation. To achieve comparable levels of biophysical fine
tuning in aAPCs, it is necessary to engineer and implement this
“membrane context” and the associated ligand mobility into par-
ticles, as such factors play a crucial role in emulating the in vivo
scenario and improving the efficiency and specificity of T cell ac-
tivation.

With recent advancements in bottom-up synthetic biology, nu-
merous new techniques have emerged to construct artificial repli-
cas of living cells that allow for the analysis of fundamental pro-
cesses of life under defined conditions.["*-20] These synthetic cell
technologies also have immense potential for translation into
advanced applications in biomedicine, as they accurate mimic
structural and functional features of living cells.?!! In princi-
ple, they could be applied to build biomimetic systems that act
as aAPCs, offering potential advantages due to the increased
cell-like characteristics.[??! Intriguingly, since compartmentaliza-
tion is a key characteristic of life, a great amount of work in
the field of bottom-up synthetic biology has focused on engi-
neering well-controlled membrane systems.[?3] This is a specific
advantage when attempting to construct aAPCs, since their de-
sign necessitates a faithful emulation of the cellular membrane
interface.?*! One of the most widely applied techniques for syn-
thetic cell assembly involves the use of oil-in-water or water-in-
oil droplet-templating approaches.[?*] Such systems not only en-
able high-throughput production, but also offer finely adjustable
production parameters and a wide range of molecular configura-
tions to adjust biophysical characteristics such as stiffness, mem-
brane composition, size, and bioactive content. Moreover, as lig-
uid droplet templating approaches are based on fully viscous oils,
they potentially allow to produce ultra-soft dispersed substrates
for T cell expansion. In this context, previous studies have high-
lighted the use of elastomers, such as PDMS, for the activation of
T cells due to their low cost and high biocompatibility.'% Addi-
tionally, it has been demonstrated that phospholipid bilayers can
be deposited on cross-linked solid 2D PDMS substrates, allow-
ing for IS formation and spatial ligand seggregation.[?6’] There-
fore, implementing an oil elastomer-based bottom-up synthetic
cell assembly approach may present innovative avenues for en-
gineering aAPC systems that better emulate the lipid membrane
of natural APCs and integrate additional biophysical cues.

Inspired by bottom-up synthetic biology approaches, we de-
signed a droplet supported lipid bilayer (dsLB) synthetic cell
technology that integrates mobile lipid membrane bilayers and
tunable ligand densities in combination with adjustable sub-
strate stiffnesses as a novel aAPC technology. DsLBs are based
on micrometer-sized oil droplets generated through oil-in-water
emulsions and coated with protein-functionalized phospholipid
bilayer membranes. We demonstrate the application of dsLBs for
the activation of primary human CD8+ T cells in vitro, bench-
marked to the commerically available DynaBead technology, and
show that the resulting T cell populations are composed of a
regulatory- and memory-like phenotype. By adding lateral mem-
brane fluidity in the dsLB systems we enable an additional layer
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of control, largely neglected by previous technologies, to fine-tune
the ex vivo expansion of T cells in therapeutic quantities.

2. Results

We designed a synthetic cell assembly strategy for dsLBs based on
charge-mediated lipid bilayer coating of PDMS oil microdroplets
(Figure 1A). For this, liquid-liquid phase separated oil-in-water
(o/w) droplets are produced from PDMS/PBS emulsions and
stabilized by anionic sodium dodecyl sulfate (SDS) surfactants.
After addition of Mg?* divalent cations, net-negatively charged
small unilamellar vesicles (SUVs), containing fluorescent (Rho-
damin B or Atto488) and nitrilotriacetic acid-Ni** (NTA-(Ni®*))-
functionalized lipid head groups, are deposited on the droplets
surfaces to form unilamellar droplet supported lipid bilayers. We
anticipated that this fabrication process, performed under physi-
ological buffer conditions, would offer scalable batch production
of biocompatible droplets with spherical lipid membrane surface
and low viscosity oil core. This allows to produce soft dispersed
aAPC substrates (~1 kPa) for T cell activation, and further to
cross-link the dsLB oil core to gradually increase their stiffness
into the MPa range, analogous to bulk PDMS substrates.

2.1. Droplet Supported Lipid Bilayer Formation and
Characterization

In a first step, we produced PDMS-based o/w emulsion (1:10
w/w ratio) by sonication and formed dsLBs according to the
designed formation strategy. Inspection of the dsLB solutions
by environmental scanning electron microscopy (ESEM) re-
vealed stable spherical droplets with smooth surface topogra-
phy and similar contrast characteristics between the individual
droplets (Figure 1B,C). Furthermore, no fusion of droplets was
observed, even at extremely high, almost spherical packing den-
sities, demonstrating their stability. Confocal microscopy imag-
ing of the assembled dsLBs showed a fluorescent lipid layer sur-
rounding the droplets, consistent with our assembly blueprint
(Figure 1D). Of note, similar droplet structures could be assem-
bled with a variety of other silicon oils (Figure S1, Supporting
Information). Toward assessing the importance of charge-based
interactions for dsLB assembly, we replaced the ionic surfactant
SDS with the non-ionic surfactant Triton X-100 and found no
encircling fluorescent lipid layer on the droplet surface indicat-
ing unsuccessful dsLB assembly (Figure S2A, Supporting In-
formation). Similar results were obtained when attempting to
form dsLBs without Mg?* ions (Figure S2B, Supporting Infor-
mation), resulting in droplets without surrounding lipid layer.
We further performed dynamic light scattering measurements of
dsLB zeta potentials at the different assembly stages to assess the
assumed charge-mediated formation mechanism (Figure 1E).
While “naked” PDMS droplets stabilized by anionic SDS show
a large negative zeta potential of =57 mV (+ 6 mV), addition of
MgCl, reduced the zeta potential to -45 mV (+1 mV). Subsequent
incubation with SUVs further reduced the dsLB zeta potential to
—26 mV (x1 mV), which is comparable to the value measured for
the SUVs used for dsLB assembly (—19 mV (+3 mV)). Taken to-
gether, this indicates a sequential layer-by-layer assembly process
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of lipid membranes on oil droplet supports, driven by charge-
mediated interactions between the individual building blocks.

Toward optimizing the dsLB formation process as well as
size distribution, we varied the SDS and MgCl, concentration
used for production between 0.1 and 10 mM as well as 10 and
100 mM, respectively (Figure S3, Supporting Information). We
found that the optimal combination of dsLB size, lipid layer in-
tensity and droplet quantity could be achieved at 1 mM SDS
and 20 mM MgCl,. Moreover, these conditions resulted in a me-
dian dsLB size of 3.75 pm (%2.61 pum), a suitable range for T
cell activation,[?®! and a PDI of 0.58. Only SDS concentrations
below 1 mM and MgCl, concentrations above 20 mM resulted
in abnormal droplet morphologies, with thick fluorescent lipid
layers. Therefore, the formation process of dsLBs appears to be
highly resilient across a broader range of SDS and MgCl, con-
centrations, supporting that dsLB assembly is primarily driven
by charge-based interactions, which confer robustness to the pro-
cess. Of note, varying the SUV concentration added in the final
formation step did not significantly impact on the size distribu-
tion of the dsLBs nor the production yield (Figure S4, Supporting
Information). Additionally, we evaluated the storage stability of
dsLBs in phosphate-buffered saline at 4 °C over a duration of 75
days to estimate the shelflife of the particles (Figure S5, Support-
ing Information). Confocal microscopy analysis showed that the
morphology, size, and lipid layer fluorescence of the dsLBs re-
mained unaltered throughout the experimental period, suggest-
ing that the dsLBs are highly stable in solution. Based on this
optimization, we defined 1 mM SDS and 20 mM MgCl, as the
standard condition for dsLB formation further applied through-
out our study.

The results obtained from confocal microscopy imaging
demonstrated the presence of an encircling lipid layer on the oil
droplet core. However, it was not possible to deduce information
on the configuration of the lipid leaflets from this, and specif-
ically, to exclude the formation of a monolayer with lipid fatty-
acid tails extending into the oil core, as previously reported for
other biomimetic droplet systems.[*! To demonstrate the pres-
ence of a lipid bilayer on the surface of the dsLBs, we performed
previously developed nitrobenzoxadiazole (NBD) quenching as-
says using lipids with NBD fluorophore-conjugated head groups
(Figure 1F).% In brief, this assay uses the oxyanion dithion-
ite, which effectively quenches NBD fluorescence but is imper-
meable to lipid bilayers. Upon addition of dithionite to lipid bi-
layer membranes containing NBD fluorescent headgroups, such
as SUVs or presumably dsLBs, half of the NBD fluorescence is
quenched, reflecting the equal distribution of NBD fluorophores
between the leaflets. Consequently, complete loss of fluorescence
signal occurs in the presence of a lipid monolayer, whereas only
a fraction of the initial fluorescence is lost if multilayer mem-
branes exist. As this assay is sensitive to the ratio of NBD fluo-
rophores and dithionite molecules, we quantified NBD fluores-
cence of dsLBs in a dithionite dilution series between 0.2 and
50 mM (Figure 1G). We found a plateau area between 6.25 and
50.0 mM dithionite where dsLB fluorescence was quenched to
~50% of the original fluorescence level. This quantitative anal-
ysis strongly indicates the presence of a lipid bilayer on dsLBs.
A finding that not only aligns with the charge-based formation
model but that is further supported by cryogenic transmission
electron microscopy (cryoTEM) analysis of the dsLBs (Figure S6,
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Figure 1. Oil droplet supported lipid bilayer assembly. A) Schematic illustration of the charge-mediated bilayer assembly on PDMS oil droplets. Droplets
are stabilized by anionic surfactants that bind divalent Mg?* cations for deposition of an anionic lipid bilayer with fluorescent and NTA-functionalized
lipids. B and C) Representative environmental scanning electron microscopy micrographs of PDMS droplets in phosphate buffered saline (B) and in
dried state (C). Scale bars are 10 um in B and 20 um in C. D) Representative confocal microscopy and bright field images of the lipid layer formed
around the oil droplets. Scale bars are 10 um. E) Dynamic light scattering analysis of the dsLB zeta potential at the different assembly stages indicated
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of NBD fluorescence quenching by dithionite in lipid bilayers. Membrane impermeable dithionite only quenches fluorophores in the outer membrane
leaflet resulting in an intensity decrease of 50%. G) Fluorescence intensity quantification of dsLBs with NBD containing lipid membranes in a dithionite
dilution series. Results shown as mean from n=2 technical replicates. H) Representative pre-bleach, post-bleach and recovered confocal microscopy
images of a FRAP experiment on dsLBs. Scale bars are 5 um. 1) Fluorescence recovery quantification of FRAP series on dsLBs. Line indicates mean from
n =9 dsLBs, shaded green indicates standard deviation.
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Figure 2. DsLB functionalization with recombinant proteins and antibodies. A) Schematic illustration of dsLB functionalization with IgG antibodies
via histidine-tagged protein G coupled to NTA(Ni?*) lipids in the dsLB membrane. B) Representative confocal microscopy and bright field images of
the dsLB lipid layer (magenta) decorated with anti-CD3 AlexaFluor488 (green). Scale bars are 10 um. C) Representative bright field images of dsLBs
formed from PDMS (top) and AR20 (bottom) silicon oils within RT-DC channels under deformation. D) RT-DC quantification of dsLB Young s modulus
for droplets formed from PDMS and AR20 oil. Results shown as median and 0.25-0.75 quartiles from n > 70 single droplets. “**p < 0.001, unpaired

two-tailed student t test.

Supporting Information). While our attempts to form vitreous
ice layers around the dsLBs for cryoTEM analysis were unsuc-
cessful, we were able to resolve membrane-like structures on the
dsLBs that were similar in thickness to the SUVs used for their
assembly. Moreover, fluorescence recovery after photobleaching
(FRAP) analysis demonstrated the lateral mobility of the lipids
on the dsLB surface (Figure 1H,I). We measured half recovery
rates of 12.2 sec (+7.7 sec) and mobile fractions of >0.72 (+ 0.15),
which is in good agreement with lipid diffusion characteristics
in other supported lipid bilayer model systems, specifically on
PDMS supports.[?’] Taken together, this provides compelling evi-
dence that dsLBs are enveloped by a lipid bilayer membrane and
are therefore suitable models of living cell membranes.

2.2. DsLB Functionalization and Stiffness Modulation

Incorporation of NTA(Ni?*)-functionalized lipids allowed us to
conjugate poly-histidine-tagged recombinant proteins, specifi-
cally IgG antibodies, on the dsLB surface (Figure 2A,B). We cali-
brated the quantitative conjugation of adjustable antibody surface
densities with fluorescent beads presenting known molecules
of equivalent soluble fluorochrome (MESF) (Figure S7A,B, Sup-

Small 2024, 2401844

2401844 (5 of 16)

porting Information). For this, we produced dsLBs conjugated
with recombinant his-tagged protein G to capture AlexaFluor488-
coupled antibodies on the dsLB surface (Figure S7C, Supporting
Information) and spiked these samples with calibration beads.
This is a modular and flexible approach that allows to conjugate
different types of stimulatory IgGs on the dsLB surface. Based
on confocal imaging of the dsLBs and MESF bead fluorescence,
we established calibration curves and derived regression param-
eters to determine the surface density of antibodies on the dsLBs.
This approach allowed us to reliably vary antibody densities in the
range of 20 — 200 molecules/ um? (Figure S7D, Supporting Infor-
mation), which is not only in the range of natural ligand densi-
ties found on APCs (typically between 1 and 1000 ligands pm?)
but also of the densities applied in other APC technologies.[313]
These results also demonstrate that dsLBs can present T cell
stimulatory antibodies on their surface, which has proven to be a
winning strategy for several other aAPCs that typically use anti-
CD3 and anti-CD28 antibodies to trigger initial activation and co-
stimulation signals for T cell expansion.

In a next step, we aimed to characterize the elastic properties
of the dsLBs. Typically, aAPC technologies apply particles and
substrates with elastic moduli of up to ~2 GPa, such as solid
beads. Of note, depending on cross-linking degree, duration and

© 2024 The Authors. Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

temperature, the elastic modulus of PDMS elastomers can vary
between ~100 kPa to 3 MPa.}*3*] As dsLBs applied so far are
based on non-cured fully-viscose core PDMS droplets, their elas-
tic modulus is expected to be close to 0 kPa, as for any fluid with
Newtonian behavior, which implies that the material behaves
in a purely viscous manner without storing any elastic energy.
However, they still display an elastic component that originates
from the considerable surface tension at the oil-water-interface
(Video S1, Supporting Information). Therefore, the effective elas-
tic modulus of dsLBs is a product of the oil core elastic proper-
ties, which is mainly set by the oil viscosity or by the degree of
cross-linking, and the surface tension at the dsLB-water inter-
phase. We measured the apparent elastic modulus of dsLBs in
high throughput by real time deformation cytometry (RT-DC) at
a single droplet level (Figure 2C). For dsLBs based on PDMS oil
with a viscosity of 5100 cP (hereafter referred to as soft dsLBs),
we measured an average apparent elastic modulus (E modulus)
of 3.85 kPa (+1.60 kPa) (Figure 2D). Interestingly, when forming
dsLBs based on the silicon oil AR20, which has a lower viscosity
of 200 cP, the effective elastic modulus of the dsLBs could be re-
duced to 1.34 kPa (+0.32 kPa). Therefore, dsLBs with non-cross
linked core exhibit elastic characteristics comparable to the lower
range of physiological cell stiffnesses.

Toward increasing the elastic modulus of the dsLBs core, we
cross-linked the PDMS after the emulsification but before the ad-
dition of MgCl, and formation of the bilayers. For this, the PDMS
droplets were cured in a 10:1 (stiff dsLBs) and 50:1 (firm dsLBs)
PDMS to curing agent (CA) ratio. For both stiff and firm dsLBs,
we successfully produced droplets, that were even stable in air
(Figure 3A), and from which dsLBs with the characteristic en-
circling lipid layer could be assembled (Figure 3B). The cured
PDMS bulk material displayed mean elastic moduli of 2990 kPa
(+8.94 kPa) and 5.75 kPa (+0.66 kPa) for stiff and firm PDMS
bulk material, respectively, as measured by compression rheol-
ogy (Figure S8, Supporting Information). However, the elastic
properties of elastomers on a microscale can differ considerably
from their bulk properties. We therefore measured the micro-
scale elastic properties by nano-indentation analysis and found
elastic moduli of 4.59 kPa (+0.59 kPa), 11.08 kPa (+2.95 kPa) and
163.46 kPa (+64.33 kPa) for soft, firm and stiff dsLBs, respectively
(Figure 3C). Of note, FRAP analysis demonstrated that the dsLB
membranes on the cured droplets remained mobile, with mobile
fractions of 0.90 (+0.09) and 0.92 (+0.09) as well as half recovery
rates 0f 19.17 s (+6.87 s) and 21.10 sec (+5.57 s) for stiff and firm
dsLBs, respectively (Figure 3D,E). These findings illustrate that
PDMS cross-linking can produce dsLBs with varying degrees of
stiffness, with the core stiffness being adjustable over three or-
ders of magnitude. Remarkably, the dsLBs are able to maintain
their membrane fluidity throughout this process. Of note, stiff-
nesses in the higher kPa range greatly exceed the stiffnes of APCs
found in vivo and are generally considered unphysioligical but to
have been described to induce differential expansion and activa-
tion effects on T cells.['"]

For the development of synthetic cell-based T cell expansion
technologies, a crucial practical aspect is the ability to effectively
separate the expanded T cells from the aAPCs. This is partic-
ularly important for the safe reintroduction of T cells into pa-
tients. A common method in bead-based technologies for achiev-
ing this separation is magnetic isolation. To seamlessly intro-
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duce dsLB in such established workflows, we synthesized iron
oxide magnetic nanoparticles (NPs) with diameters of 6.6 nm
(1.4 nm, n = 10 particles, cores measured in electron mi-
croscopy) (Figure S9A, Supporting Information). To incorpo-
rate these NPs into the hydrophobic dsLB core, we functional-
ized their surface with poly(dimethylsiloxane) using a w-(carboxy
decyl)-C10 anchor. Bright field microscopy confirmed the suc-
cessful integration of the NPs into the dsLB core, which could
then be magnetically separated from the solution (Figure S9B
and Video S2, Supporting Information). Our results indicated
that as little as 70 mg mL~" NPs is sufficient for effective dsLB
separation from the solution (Figure S9C, Supporting Informa-
tion). Further transmission electron microscopy-coupled energy
dispersive X-ray (EDX) analysis demonstrated disperesed inte-
gration of the particles into the oil core (Figure S9D, Support-
ing Information) and quantification of primary human CD8" T
cell viability after incubation with the magnetic dsLBs over 48 h
showed no significant cytotoxic effects.

2.3. T Cell Activation and Expansion by DropletSupported Lipid
Bilayers

In order to evaluate the potential of dsLBs to activate T cells for ex-
pansion, we conjugated them with anti-CD3 and anti-CD28 (in a
1:4 ratio) at 200 molecules pm? and incubated them with human
primary CD8" T cells that were isolated from platelet apheresis
kits from voluntary healthy donors by negative selection.3’] After
a brief incubation period of only 4 hours, we observed frequent
contact formation between the T cells and the dsLBs, resulting in
polarized T cell morphologies (Figure 4A). Additionally, through
the use of fluorescently labeled anti-CD3 antibodies immobilized
on the dsLB surface, we found that anti-CD3 accumulates at the
side of T cell adhesion, which is indicative for antibody recruit-
ment, IS formation and the lateral mobility of the ligands on the
dsLB surface (Figure 4B). Further, after an expansion phase of
4 days, we observed formation of larger cell aggregates, similar
to those observed for T cell cultures expanded using the fields” -
gold standard: solid polystyrene bead-based anti-CD3/CD28 Dyn-
aBeads (Figure 4C). These results suggest that dsLBs can activate
T cells through antibody engagement and IS formation, resulting
in expansion.

We further quantified the expansion of CD8" T cells when ac-
tivated with dsLBs of varying stiffness, comparing these to expan-
sions achieved with anti-CD3/CD28 DynaBeads. Our findings re-
vealed that dsLBs were only slightly less effective, showing a 34-
28% lower expansion fold, compared to DynaBeads (Figure 4D).
Surprisingly, the stiffness of the dsLBs did not significantly affect
the expansion rates. This observation aligns with flow cytometry
analyses of the activation marker CD25, which indicated simi-
lar CD25" populations in T cells expanded with dsLBs of varying
stiffness (Figure 4E and gating strategy in Figure S10, Supporting
Information).

A critical parameter for T cell expansion for immunother-
apy is, apart from their phenotype (e.g., memory, effector, reg-
ulatory), their susceptibility to immune suppression in the can-
cer microenvironment. To evaluate the susceptibility of dsLB-
expanded T cells to immune suppression, we assessed the ex-
pression of the immune checkpoint receptor PD-1, typically
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Figure 4. DsLB mediated T cell activation and expansion. A) Representative confocal microscopy and bright field images of co-cultivated T cell with
dsLBs. Scale bar is 10 um. B) Confocal imaging of a contact event between a T cell and a Rhodamine B labeled dsLB decorated with fluorescent anti-
CD3 antibodies. Scale bar is 5 um. C) Bright field microsopy image of an expanding T cell cluster induced by dsLB stimulation. Scale bar is 50 um.
D) Expansion fold quantification of T cells incubated with soft, firm and stiff dsLBs normalized to T cells expanded with DynaBeads. Results are shown
as mean +SD from n = two donors measured in duplicates. E) CD25 expressing T cell fractions of soft, firm and stiff dsLBs compared to untreated,
plain dsLBs and DynaBeads control. Results are shown as mean +SD from n = four donors measured in duplicates. **p < 0.01 and ****p < 0.001, one

way ANOVA test.

upregulated by ex vivo T cell expansion technologies.*®] Remark-
ably, we found significantly lower PD-1 expression as compared
to DynaBead expanded cultures (Figure 5A). Again, no signifi-
cant difference was observed between dsLBs of varying stiffness.
Motivated by this PD-1°" T cell phenotype after dsLB expansion,
we delved into a more detailed analysis to uncover their under-
lying functional properties. We conducted a multiplexed quan-
tification of 12 key cytokines secreted by various T cell subsets
(Figure 5B). Compared to DynaBeads, dsLB-expanded CD8* T
cells secreted significantly lower levels of effector-associated cy-
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tokines, such as TNFq, FasL and granzymes. Intriguingly, dsLB-
expanded CD8" T cells produced higher levels of regulatory and
suppressive cytokines, specifically IL-4 and IL-10, compared to
those expanded with DynaBeads. DsLB-expanded CD8* T cells
also secreted significant amounts of the pro-inflammatory cy-
tokine IL-17 and the regulatory cytokine INFy, although to a
lesser extent than DynaBead-expanded T cells. The secretion of
these cytokines, typically associated with regulatory and helper T
cells, was unexpected in CD8* cells and was not influenced by
the stiffness of the dsLBs or their ligand density. This finding
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was also not attributed to CD4* T cell contamination from the
CD8-specific negative selection process (Figure S11, Supporting
Information). Although IL-4 and IL-10 producing CD8" T cells
with a regulatory (Treg) or suppressive phenotype have been pre-
viously described,373#] their understanding remains limited, pri-
marily due to inadequate expansion and isolation techniques as
well as a lack of specific markers to identify them. To further
characterize the dsLB-expanded T cell phenotype, we measured
the expression of markers conventionally associated with CD8*
Treg and memory differentiation (Figure 5C,D). Comparison of
DynaBead- and soft dsLB-activated T cells revealed that both ex-
pansion approaches produced only minor increase in Foxp3™*
and CD103* expressing T cells, markers recently linked to CD8*
Tregs.??] However, expression of CD27, specifically in activated
CD95* cells, as well as CCR7 and CD62L were differentially ex-
pressed in dsLB-expanded cultures as compared to DynaBeads.
This indicates differentiation of a central to effector memory-like
phenotype, with low level of senescent cells as measured by CD57
staining. Collectively, our data suggest that dsLBs preferentially
expand a differentiated T cell subset with central- to effector-like
memory marker expression, and IL-4/IL-10-based regulatory and
suppressive properties, less susceptible to checkpoint inhibition
(reduced PD-1 expression). All of which are favorable features for
applications in adaptive cell therapy.

2.4. A 3D Parameters Space for T Cell Expansion

We noted that our results stand in some contrast to previous stud-
ies, which showed that variations in the stiffness of aAPCs signif-
icantly affected T cell activation. In our dsLB-based system, how-
ever, we did not observe such pronounced effects. This discrep-
ancy may be attributed to our use of dispersed aAPCs with a lat-
erally ligand mobility that facilitate molecular self-organization
at the IS level. The lateral ligand mobility potentially masks or
mitigates stiffness-related mechanosignaling in T cells, as previ-
ously also observed in other systems.[?’! To explore this hypoth-
esis, we assessed T cell expansion using non-deformable silica
microbeads with orders of magnitude higher stiffness (70 GPa),
coated with a lipid bilayer (memBeads) identical in composi-
tion to our dsLBs (Figure 6A), and functionalized with the same
anti-CD3/CD28 antibodies through protein G coupling at the
same density. These beads are comparable to DynaBeads in size
(4.5 um) and stiffness but additionally feature laterally mobile lig-
ands. We found no significant difference in their ability to activate
T cells, as determined by CD25* T cell quantification, compared
to the order of magnitude softer dsLBs (Figure 6B). Interestingly,
memBeads did also expand T cells with a PD-1°" expressing phe-
notype (Figure S12, Supporting Information). Of note, relevant
parameters such as antibody clones, antibody densities, aAPC:T
cell ratio and membrane composition were matched between the
two aAPC substrates. This reinforces the notion that an aAPC
membrane can mask aAPC stiffness-medited effects and is the
major driver for the PD-1"°" expressing phenotype.

Given the well-studied significance of mechanosignaling in T
cell activation, which underlays the three most crucial biochemi-
cal signals (TCR activation, co-stimulatory ligands, cytokines), we
investigated whether ligand mobility could also mask any effects
based on variations on the level of biochemical signaling. Alter-
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ing the anti-CD3 antibody (signal 1) from a UCHT1 clone to a
lower-affinity SK7 clone, resulted in a decrease in CD25% cells,
although eventual T cell expansion rates remained largely un-
affected (Figure 6C,D). A similar outcome was observed when
modifying the ratio of signal 1 and 2 stimulatory antibodies from
1:4 to 1:1, leading to a slightly smaller CD25* population with
minimal impact on expansion rates. No significant stiffness-
related differences were noted in any of these stimulation sce-
narios, including memBeads. Additionally, substituting the sig-
nal 2 stimulant, anti-CD28, with the integrin ligand ICAM1, re-
sulted in a significant reduction of CD25% cells and minor vari-
ations in T cell expansion. Modifications on the level of signal
3, in our case IL-2, similarly affected T cell activation and expan-
sion. When reducing the IL-2 levels from 50 to 12.5 U mL™!, T
cell expansion and CD25% cells was significantly decreased. Col-
lectively, these findings suggest that while the lateral mobility of
ligands on aAPCs can mask stiffness-related effects, the predom-
inance of biochemical signaling over biophysical cues remains
intact.

However, we figured that the biochemical signaling by agonis-
tic CD3 antibodies was so potent that it might excel any subtile
effects mediated by variations in stiffness. This could also be the
case when the signaling intensity of the TCR trigger was reduced
by using the SK7 anti-CD3 clone, a lower-affinity but still effec-
tive anti-CD3 agonist. Consequently, we hypothesized that using
even lower biochemical signaling strength on signals I and II
level might allow any latent stiffness-related effects, masked by
the lipid membrane, to become more pronounced. This would
suggest that biochemical signaling, substrate stiffness, and lig-
and mobility are three separate yet synergistic factors that con-
tribute to the nuanced process of T cell activation. To further in-
vestigate this potential interplay, we designed a TCR stimulation
configuration of lower signalling-strength that is also relevant
to immunotherapy, by using a bispecific T cell engager (TCE)
(Figure 6E). We formed dsLBs presenting the tumor-associated
antigen (TAA) Her2, and adjusted the surface protein density
to 100 (low) and 400 (high) molecules/um? using MESF beads
(Figure S13, Supporting Information). In conjunction with an
ICAM1-based signal 2 and 50 U mL™! IL-2 signal 3, a bispe-
cific TCE targeting Her2 and CD3 was added to the dsLBs in
CD8* T cell co-cultures to initiate signal 1. Here, dsLBs func-
tioned as cancer target cell mimetics in a TCE-mediated in vitro-
mimicked immunotherapy. The size of the Her2-TCE-CD3 com-
plex is approximatly twice as large as the anti-CD3/TCR complex
(see Supporting Note 1) and the kinetic seggragtion modell'®]
as well as previous data comparing IS formation efficacy be-
tween anti-CD3 agonists and bispecifc TCEs*) suggest a lower
stimulation strength of these dsLBs on T cells as compared to
anti-CD3/CD28 dsLBs. Confocal microscopy demonstrated suc-
cessful adhesive contact formation between Her2-dsLBs and T
cells. Moreover, we observed re-localization of AlexaFluor488-
labelled Her2 at the cell interface, indicating successful TCE
coupling and IS formation (Figure 6F). We then quantified the
IC50 of the TCE and its maximum activation potential (as in-
dicated by CD25 upregulation) for two ligand densities on soft
and firm dsLBs (Figure 6G). Stiff dsLBs were not included in the
analysis as their stiffness exceeded the stiffness range of cancer
cells by several orders of magnitude and is therefore most likely
not relevant for TCE therapies.[*1*2] Markedly, the IC50 values

© 2024 The Authors. Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED. Sl

www.advancedsciencenews.com www.small-journal.com
A B 100
BF Lipids g
n 804
°
o
604
Q
a
Qa0
o
s
2
€ 204
o
— -
0-
& & S Q o o
o o 0“"‘6 qeﬂ‘&\oﬁ"& me"‘é
«® W gt oy
&
L . o D
o o8 ‘Qe“\ &
60000
- [UCHT1 sorra
SK7| 2% 50000 @
8
- UCHT1| 20487 -
T sky| e 40000 3
=
=
Untreated Untreated -4
ICAM1| 560 7.06 7.09 156 ICAM1| 27340 20435 a78e5 || 20880 30000
JIL-2| e85 394 4.00 076 JIL-2| ez 23078 23444 || 23444
- 20000
Plain Plain
Signal |
. Bispecific
Signal Il P
TCE
o (L2) ,
..
Signal Il
(ICAM1-LFA1)
G —e—  Soft (100 molecules/um?) H
—=- Soft (400 molecules/pm?) B soft (100 molecules/pm?)
~+ Firm (100 molecules/pm?) El soft (400 molecules/| szz)
=%~ Firm (400 molecules/pm?) 60 F!rm {1on molecules/pmz) fo
" & SerumilEG étfl N = El Firm (400 molecules/um?) 1
B 1.0- g - £, Il DynaBeads
@ = - =
£ m
b e e 7
88 E .
O & 5 204
£ 8
5 b+
£ d
4 b 4 w
0.0 . . " . T —
10" 10 10’ 10’ 10" 10° 10° 100 10" 100 10" 10° o
TCE concentration (pM) TCE concentration (pM)
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differed significantly by two orders of magnitude between the
soft and firm dsLBs. Also the maximum activation efficiency was
impacted by substrate stiffness and Her2 density. These results
confirmed that substrate stiffness can influence T cell activation
even when ligands are laterally mobile but particularly when bio-
chemical signaling strength is lowered, which suggest a trigger
hierarchy for T cell activation where biochemical signals provide
the most potent cue, followed by biophysical cues related to lat-
eral ligand mobility and finally the stiffness of the aAPC itself
(biochemical signaling > ligand mobility > substrate stiffness).

Crucially, we also evaluated PD-1 expression in this TCE setup
and observed that the PD-1 expressing population remained sig-
nificantly lower across both dsLB stiffnesses as compared to Dyn-
aBead positive controls (Figure 6H). This outcome indicates that
itis foremost the introduction of laterally mobile ligands that fos-
ters a T cell phenotype with a reduced susceptibility for immune
suppression.

3. Summary and Outlook

In this study, we introduced a new aAPC technology that is in-
spired by bottom-up synthetic biology principles and designed
to mimic the biophysical properties of APC membranes. The
dsLB technology combines lateral membrane mobility and stiff-
ness modulation to integrate an additional biophysical cue that
can tune the interactions between T cells and aAPCs. Previous
studies has focused on the mechanobiological component of T
cell activation,® but the importance of lateral ligand mobility in
this context has not been extensively studied due to a lack of suit-
able methods that integrate both aspects. While solid-bead and
planar supported lipid bilayers have been used to study the for-
mation dynamics of IS,/*}] it has been challenging to dissect the
individual contributions and functional implications of stiffness
and mobility cues for the expansion of therapeutic T cells with
suitable dispersed expansion systems. Our findings confirm that
mechanical cues together with lateral ligand mobility provide a
biophysical context for receptor-ligand-mediated T cell activation.
They also demonstrate how T cell differentiation can be guided by
such biophyical cues and highlight that lateral ligand mobility is
an important feature for the design of effective aAPC technolo-
gies. Moreover, our observation that dsLBs produced a smaller
population of PD-1-expressing T cells after expansion suggests
that membrane mobility could be central to direct the differen-
tiation process during ex vivo T cell expansion for therapeutic
approaches. As this was also observed in silica bead-supported
membranes and in our bispecific T cell engager system, the lat-
eral ligand mobility and not stiffness-related cues might be cen-
tral to this effect.

Most importantly, we found that dsLB expand a CD8* T cell
phenotype that secrets the anti-inflammatory and regulatory cy-
tokines IL-4 and IL-10. These are conventionally associated to
CD4* T regulatory cells but have been described for CD8" T
cells on multiple occasions, including their potential role for
immunotherapy.*l Immunotherapeutic approaches based on
CD8* regulatory T cells are currently impeded by a lack of suit-
ble ex vivo expansion technologies that preferentially expand this
phenotype over effector cytolytic CD8" T cells. Although exten-
sive functional analysis of dsLB-expanded T cells remains do
be performed to assess their suppressive and cytolytic potential
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Figure 7. A 3D space for aAPC-based T cell expansion. Schematic plot for
the four aAPC technologies tested in this study over biochemical signaling,
substrate stiffness and lateral ligand mobility indicating that illustrating
the synergistic contribution of these three cues for T cell expansion and
the importance of lateral ligand mobility for a PD-1-expressing phenotype.

in a therapeutic context, their surface marker expression profile
suggest a differentiation stage close-associated to effector- and
central-memory T cells.

We benchmarked the dsLB technology to a widely applied
solid bead-based approach (DynaBeads). These are a globally es-
tablished technology. Although expansions rates achieved with
dsLB were consistantly lower, the smaller percentage of PD-1-
expressing T cells and their pronounced differences in IL-4 and
IL-10 secretion, position dsLBs as a potential addition to this ap-
proach, expanding the repertoir for therapeutic T cell expansion.

Of note, the observed effects on T cell activation and differenti-
ation were not mediated by stiffness-related biophysical cues but
most likely by the presentation of stimulatory ligands on laterally
mobile membrane. In this context, the pivotal role of receptor or-
ganization at the IS for T cell activation is general consensus in
the field.!'”) DsLBs provide a first aAPC technology for of gener-
ation dispersed, low-stiffness and scalable particles with laterally
mobiles ligands. As stiffness-related effects were not as prevalent
as observed in other studies, our systematic analysis of the impact
of substrate stiffness and the signaling strength of signal [, IT and
IIT on T cell activation suggest a 3D physico-chemical space of T
cell activation (Figure 7). In this space, lateral ligand mobility ap-
pears to be the major switch for PD-1 expression. Potentially, the
lipid bilayer on the dsLB surface facilitates lateral ligand mobility,
effectively masking the effects of substrate stiffness by limiting
the T cells’ ability to exert significant traction forces necessary for
probing mechanical cues.

DsLBs have further interesting applications in biomaterial-
science and synthetic biology. While previous studies have
described the formation of PDMS droplets for sensing pur-
poses, only a few have demonstrated their potential for use
in biomedicine.”*#] In our study, we achieved adjustable
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stiffness of these PDMS droplets by using a differential cur-
ing process. We also developed a new approach for function-
alizing and stabilizing the dispersed droplets in solution using
ionic surfactants to create a charge-mediated lipid bilayer on the
droplets. This approach, together with the magnetic NP-based
separation, has significant implications for up-scaling the tech-
nology and increasing its applicability. Moreover, as our elec-
tron microscopy observations and shelf-life experiments sug-
gest, it confers stability to the emulsions to avoid droplet ag-
gregation or unmixing. Therefore, by providing a new avenue
for crafting lipid bilayers onto droplets, we have expanded the
potential uses of dsLBs in biomedicine and beyond. Potential
improvements for the technology include implementation of a
membrane extrusion-based or microfluidic-assisted emulsifica-
tion process to increase monodispersity of the dsLBs.?’] Fur-
thermore, additional co-regulatory ligands, such as CD58 or
membrane-immobilized IL-2, could be integrated into a dsLB
system to provide additional means for directing the differen-
tiation process.[*¥] DsLBs could find application in areas such
as drug delivery, biosensors, and tissue engineering, where it
could provide a more versatile and effective alternative to existing
biomimetic synthetic cell techniques. In summary, by harness-
ing the power of bottom-up synthesis of synthetic cells as cellular
bionics of aAPCs, we devloped a new approach for T cell activa-
tion able to mimic central biochemical and biophysical character-
istics of APC.

4. Experimental Section

DsLB Assembly: DsLBs were assembled following the strategy illus-
trated in Figure 1. For this, ~#100 mg of PDMS (Sylgard 184, Dow Corning
USA) were mixed with 880 uL PBS containing SDS (1 mM if not speci-
fied otherwise) and manually pre-emulsified by resuspension. The solu-
tion was then transferred to a sonication bath for 2 min at room tempera-
ture to produce a dispersed o/w emulsion. Subsequently, MgCl, (Sigma-—
Aldrich, Germany) was added to a final concentration of 20 mM (if not
specified otherwise) together with 100 uL of 6 mM (final lipid concentra-
tion) SUV solution to form dsLBs. SUVs, consisting of 20 mol% EggPG,
5 mol% PE-DGS-NTA(Ni?*), 1 mol% LissRhodamine B-PE or Atto488-PE
and 74 mol% EggPC (all Avanti Polar Lipids, USA) were produced by ex-
trusions as described previously.[?’] The dsLB solution was incubated at
room temperature protected from light for 2 min and subsequently cen-
trifuged at 8600 X g for 30 s. The supernatant was discarded and the dsLB
pellet was resuspended in 1 mL PBS for one additional centrifugation step
with the parameters specified above. The dsLB solution was resuspended
in 1 mL PBS and stored at 4 °C and protected from light until further us-
age. For control experiment, 1 mM Triton X-100 (ACROS Organics) was
used instead of SDS. Where indicated, dsLBs were also formed from other
silicon oils, specifically AR20 (Sigma—-Aldrich, Germany), AP100 (Sigma—
Aldrich, Germany) as well as highly thermostable silicon oil (SO) (Merck,
Germany).

For protein functionalization, the total amount of accessible dsLB mem-
brane present in a dsLB preparation lot was measured by calibrating
against a SUV dilution series with known concentration. For this, a SUV
dilution (same lot as used for dsLB production) was prepared in a 96
well plate. The fluorescence intensity (originating from the Rhodamine
B) in each dilution was measured with a TECAN Spark (Tecan Group,
Switzerland) plate reader controlled by TECAN SparkControl software with
in-built gain optimization and excitation/emission setting adjusted to
537/582 nm, to derive a fluorescence-concentration calibration curve. The
total lipid concentration of a dsLB solution was obtained by measuring the
fluorescence intensity alongside the SUV dilution series and referencing to
the calibration curve. From the final lipid concentration, the concentration
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of total accessible DGS-NTA(Ni?*) was derived. Protein G (Sigma Aldrich,
Germany) was added at the molar ratio specified in the figure legends and
incubated for binding to the NTA(Ni%*) moieties at 4 °C protected from
light for 60 min. The dsLBs were subsequently washed by centrifugation
before adding 1gG antibodies against human CD3 (UCHT1, Invitrogen),
CD28 (CD28.2, Invitrogen), CD8 (SK1, BioLegend) or CD3-AlexaFluor488
(HIT3a, BioLegend) in a 1:2 protein G to IgG ratio. Moreover, the ratio of
CD3 and CD28 antibodies was adjusted to be 1:4. The IgGs were incubated
for at 4 °C protected from light for 30 min to bind to the protein G on the
dsLBs and residual IgG were then washed off by centrifugation and the fi-
nal dsLB lipid concentration was quantified by plate reader quantification
as detailed above.

Cross-Linking of dsLB Oil Cores:  Aiming for an adjustable stiffness of
dsLBs, the PDMS oil core was crosslinked. For this, the PDMS oil was
thoroughly mixed in a 10:1 (stiff dsLBs) and 50:1 (firm dsLBs) ratio with
Silicon Elastomer Curing Agent (Sylgard 184, Dow Corning USA) and then
resuspended in 880 pL PBS containing 1 mM SDS. This oil in water emul-
sion was sonicated for 2 min and subsequently cured over night at 60 °C in
a water bath. From the cured droplets, dsLBs were produced as described
above.

Environmental Scanning Electron Microscopy: For ESEM-based analy-
sis, dsLBs from a standard lot (1 mM SDS, 20 mM MgCl,) were pelleted
by centrifugation and resuspended in 100 pL PBS. A 5 ul droplet of this
solution was placed on an FEI Quanta 400 FEG equipped with an ESEM
Peltier stage operating at 3 °C and transferred to the microscope chamber.
A water vapor pressure of 750 Pa was selected to start at fully wet condi-
tions. Then the water vapor pressure was stepwise decreased resulting in
a shrinkage of the water droplet due to evaporation of water. Individual
dsLBs were visualized at different water vapor pressures at 3 °C.

CryoTEM:  For cryoTEM a 2 ulL droplet of the sample solution was
placed on a holey carbon film (Plano, S147-4), blotted for 2 s and vitrified
in liquid ethane using a Gatan CP3 plunge-freezer operating at —165 °C.
The resulting cryoTEM sample was transferred to a Gatan model 914 cry-
oTEM sample holder and imaged by bright field transmission electron mi-
croscopy (JEOL JEM 2100 LaB6) at 200 kV accelerating voltage under low-
dose conditions. For image acquisition a Gatan Orius SC1000 CCD camera
was used (exposure time 2 s).

TEM-EDX: For TEM-EDX a droplet of the sample solution was placed
on a holey carbon covered copper grid (Plano, S147-4) and dried under
ambient conditions. Bright field transmission electron microscopy (JEOL
JEM 2100 LaB6 equipped with a Gatan Orius SC100 CCD camera) at 200 kV
accelerating voltage was done in combination with X-ray spectral analysis
(EDX, Thermo Noran NSS7) to determine the chemical composition of
the sample after drying. The acquisition time for EDX was <10 s.

Dynamic Light Scattering: Zeta potentials of dsLBs and SUVs were
measured with a Malvern Zetasizer Nano ZS system. Equilibration time
was set to 30 s at 25 °C, followed by three repeat measurements for each
sample at a scattering angle of 173° using the built-in automatic run-
number selection. The material refractive index was set to 1.460 and the
absorption to 0.010 and solvent properties to n =0.8882,n=1.33 and ¢ =
79.0. All measurements were performed in 1X phosphate buffered saline
(pH 7.4).

NBD Assay: For assessment of lipid layer configuration by NBD as-
says, a modified protocol, published previously, was applied. DsLBs were
formed from 20 mol% EggPG, 1 mol% PE-DGS-NTA(Ni?*), 1 mol% 16:0-
12:0 NBD PE and 78 mol% EggPC (all Avanti Polar Lipids, USA) SUVs.
NBD fluorescence was measured with a Tecan Spark plate reader con-
trolled by TECAN SparkControl software with an in-built gain optimiza-
tion and excitation/emission setting adjusted to 468/537 nm. A dithionite
(Sigma—Aldrich, Germany) dilution series between 0.2 and 50 mM was
prepared in a 96 well plate and dsLBs were added to a final concentration
of 60 uM total lipids (assuming that all SUVs were incorporated in the
dsLB membrane). The fluorescent intensity and the amount of NDB flu-
orophores were correlated using a SUV dilution series and the non-linear
fluorescent intensity of dsLBs was corrected with a serial dilution of dsLBs.
Both calibrations were prepared and measured within the same well plate
to derive a fluorescent intensity to NDB fluorophores calibration curve.
The number of fluorophores was normalized to the dithionite untreated
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control. As dithionate was a strong acid, all experimental steps were per-
formed in PBS + 100 mM HEPES.

Confocal Microscopy: Confocal microscopy was performed using a
laser scanning microscope LSM 880 (Carl Zeiss AG). Images were ac-
quired using a 20x (Plan-Apochromat 20x/0.8 M27, Carl Zeiss AG, Ger-
many) and a 63x immersion oil objective (Plan-Apochromat 63x/1.4 oil
DIC M27, Carl Zeiss AG, Germany) and 488 and 543 nm laser lines. Im-
ages were analyzed using Image] (NIH, USA) software. Forimaging, dsLBs
were dissolved 1:20 or 1:40 in 8-well Nunc LabTeK glass bottom chamber
slides filled with 200 L PBS.

Size Distribution Analysis: For dsLB size distribution analysis, dsLBs
were imaged by confocal microscopy with a LSM 880 (Carl Zeiss AG)
equipped with a 20x objective and excitation/emission setting adjusted to
458/543 nm. Z-stacks over the fully dsLB height were acquired from which
maximal z projections were produced. Particle sizes were measured with
Image) software (NIH, USA) by global intensity-threshold segmentation,
watershed particle separation and automated particle detection.

Fluorescence Recovery after Photobleaching Analysis:  FRAP experiments
were performed with a laser-scanning microscope LSM 880 (Carl Zeiss
AG) equipped with a 63x objective. The Rhodamine B in the membrane
was replaced by Atto 488-PE. Bleaching areas in the equatorial plane of the
dsLBs with a minimum of radius of 5 um were selected and bleached with
a 100% 488 nm laser intensity. A minimum of 3 pre-bleaching and 27 post-
bleaching images were acquired. Mean fluorescence intensity time profiles
for the bleached area, the whole dsLB and background fluorescence were
measured with Image) (NIH, USA) software. Profile background and in-
tensity normalization as well as data fitting, calculation of mobile fractions
and calculation oft; ;, maximum was performed with easyFRAP web-based
tool (Zoi Lygerou, University of Patras).

MESF Bead Assay: DsLBs were assembled and the concentration of
DGS-NTA(Ni?*) calculated as described above. To account for potential
unspecific binding of Protein G or antibodies, additional dsLBs without
DGS-NTA(Ni?*) were produced. To functionalize the dsLBs, samples were
mixed with different quantities of protein G. The following molar ratios of
protein G to DGS-NTA(NiZ*) were used; 1:8, 1:4, 1:2, 1:1 and 2:1. For the
DGS-NTA(Ni?*)-free dsLBs, the same amount of Protein G was used as in
the 1:2 mixtures. All samples were incubated at 4 °C for 45 min and subse-
quently washed by centrifugation. Alexa Fluor 488-labelled anti-CD8 (SKT,
BioLegend, UK) were added to every sample, with the antibody concentra-
tion being adjusted to 150% of the respective initial protein G concentra-
tion. The samples were protected from light, incubated at 4 °C for 45 min
and washed again by centrifugation. A cocktail of Quantum Alexa Fluor 488
MESF beads (Bangs Laboratories Inc., USA) was prepared according to
the suppliers’ instructions. DsLBs were premixed 1:1 with the bead cock-
tail and dissolved 1:10 in 8-well Nunc LabTeK glass bottom chamber slides
filled with 200 pL PBS. Imaging was performed with a LSM 880 (Carl Zeiss
AG) using a 20x objective and 488 nm excitation. The Image) (NIH, USA)
software was used for watershed particle separation, automated particle
detection and measurement of the mean fluorescent intensity of individual
particles. The beads were identified by their lack of Rhodamine B fluores-
cent signals and uniform size and used to generate a calibration curve to
correlate fluorescent signal to MESF. The mean number of antibodies on
the dsLBs was calculated and used to generate another calibration curve
linking the amounts of protein G/antibody used to the number of antibod-
ies bound to the particles surface.

Real Time Deformation Cytometry:  The Young's modulus of non-cured
dsLBs was measured using an AcCellerator (ZellMechanik Dresden, Ger-
many), a commercial real-time deformation cytometer (RT-DC). The RT-
DC analysis was based on the introduction of flow into a microfluidic
chip using syringe pumps, where dsLBs were deformed by hydrodynamic
stresses as they passed through a narrow constriction that was larger than
their size. Imaging was performed using an inverted microscope (Axiovert
200 M, ZEISS, Germany), and images were acquired at the end of the mi-
crofluidic constriction using a CMOS camera (Mikrotron, Germany). The
Shapeln software (Zellmechanik Dresden, Germany) was used to control
both the camera and syringe pump. To analyze the recorded images in real-
time, enabling computation of a contour and projected area for each dsLB
the ShapeOut 2 software (Zellmechanik Dresden, Germany) was used. To
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exclude dsLB doublets or debris, area limits were set to 80 and 250 um?
and deformation limits were set to 0.003 and 0.008. For measurements of
dsLBs, samples were diluted according to a Mcfarland standard of 6 MFS
with a viscosity-adjusted measurement CellCarrier buffer (Zellmechanik
Dresden, Germany), which increased the stresses acting on the dsLBs in-
side the channel. Measurements were performed using microfluidic chan-
nels with a width of 20 um at a flow rate of 0.025 uL s~'.

Iron Oxide Nanoparticles Synthesis: Iron oxide nanoparticles (NPs)
were synthesized as described in.[*°] Specifically, 6 mmol Iron(lll) acety-
lacetonate (Sigma—Aldrich, 97%) were dissolved in 30 mL dibenzyl ether
(Sigma Aldrich, > 98.0% GC) and 30 mL oleylamine (Acros Organics,
80% —90%). The solution was heated to 110 to 130 °C for 1 h under contin-
uous nitrogen flow. Afterwards the solution was heated to 300 °C at a heat-
ing rate between 15 and 20 °C min~" under constant nitrogen atmosphere
and maintained at 300 °C for 1 h. The dispersed NPs were cooled down
to room temperature and washed 3 times with a mixture of isopropanol
and acetone (50/50). Finally, the NPs were dispersed in toluene at a con-
centration of 40 mg mL™". Ligand exchange to Poly(dimethylsiloxane),
w-(carboxy decyl)-terminated (Polymer Source, P18578-DMS-C;,COOH)
was performed as following: 20 mL of the 40 mg mL~" iron NP dis-
persion was heated to 80 °C under stirring. After reaching the tempera-
ture, 1 mL of the ligand was added to the dispersion. The mixture was
stirred at 80 °C for 24 h. Afterwards the dispersion was cooled down and
washed 3 times with ethanol and finally dispersion in 20 mL of hexane
(Sigma—Aldrich > 95%).

Compression Rheology: To measure the elastic modulus of PDMS bulk
material for stiff and firm dsLBs, PDMS was cross-linked 10:1 and 50:1
with Curing Agent in a 24-well plate at 60 °C over night in a drying cabinet.
The cured PDMS bulk was stamped to a diameter of 10 mm, resulting in
PDMS blocks with a 1:1 diameter to high ratio. The elastic moduli of the
stamped PDMS bulk cylinders were measured by compression rheology
using Z100 (ZwickRoell, Germany) equipped with a 200 N load cell and a
40 mm compression die. The test speed for the PDMS bulk compression
was T mm min~" while the pre-load was 0.10 N for stiff and 0.05 N for firm
PDMS bulk material.

Nano-Indentation Analysis:  To confirm the elastic moduli for PDMS
bulk material the samples were measured using the Pavone nano-indenter
(OPTICS11 life, Netherlands). For this purpose, the bottom of 48 well
plates were coated with non-cured, degased PDMS cross-linked 10:1 with
Curing Agent. DsLBs were prepared according to the protocol in cross-
linking of dsLB oil cores, in order to stabilize the dsLBs. 50 uL of the dsLB
suspension was mixed with 950 uL of PBS and added to the coated wells.
The samples were cured at 60 °C over night in a drying cabinet. BSA was
added to the PBS to a final concentration of 1% and incubated at RT for
10 min. The dsLBs were probed with an indentation of 800 nm using a
cantilever with a tip diameter of 3 um and a stiffness of 0.53 N m~'. The
data was processed and analyzed using the inbuild software and a Herzian
Fit.

T Cell Isolation and Culture: Human primary CD8" T cells were rou-
tinely cultured in RPMI 1640 w/ L-Glutamine (VWR, Germany) medium
supplemented with 10% fetal bovine serum (Gibco, Germany), 1% peni-
cillin/streptomycin (Gibco, Germany), 1% non-essential amino acids
(Biowest) and 50 mM HEPES (Sigma—Aldrich, Germany) in cell culture
treated flasks at 37 °C, 5% CO, and 100% humidity. For CD8* culture
and expansion as well as for all functional assays, 50 U mL™! recombi-
nant human IL-2 (STEMCELL technologies, Germany) were added to the
culture medium. Primary human CD8* were isolated from leukaphere-
sis reduction system (LRS) chambers from de-identified, voluntary healthy
blood donors with commercially available negative selection kits (Rosette-
Sep Human CD8% T cell Enrichment Cocktail, STEMCELL technologies,
Germany) following the manufacturers instruction. Blood samples were
provided by the Institute for Clinical Hemostaseology and Transfusion
Medicine, Saarland University Medical Center, following ethics agreement
number 34/23 (Ethikkommission Arztekammer des Saarlandes). The cells
were either used within 2 days for experiment or cryopreserved.

T Cell Activation and Expansion with dsLBs and Flow Cytometry Analysis:
Activation and expansion of primary human CD8" T cells was performed
in 96 well plate formats by incubation of 70 000 T cells in an ~1:2 ratio with
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dsLBs in a total volume of 250 uL. For all tested conditions a final concen-
tration of 50 U mL~" recombinant human IL-2 was added. Expansion was
performed for 7-9 days at 37 °C, 5% CO, and 100% humidity in fully sup-
plemented cell culture medium. dsLBs were conjugated with the indicated
antibody densities immediately before the experiment. For control experi-
ments, a final concentration of soluble anti-CD3 (UCHTT, Invitrogen) and
anti-CD28 (CD28.2, BioLegend, UK) antibodies of 187.5 ng mL~7, or plain
dsLBs without conjugated antibodies were added to the cells. As positive
controls, Dynabeads human T-Activator CD3/CD28 beads (Gibco, Ger-
many) were used following the manufacturers recommendations. After the
expansion period, the cell solution was resuspended and transferred to a
round bottom 96 well plate. Cells were pelleted at 300 x g for 5 min, the su-
pernatant was disposed and the cell pellet was resuspended in PBS + 1%
BSA containing the staining antibodies (1:400) and incubated for 30 min
at RT protected from light. For the surface marker staining AlexaFluor488
or AlexaFluor647, FITC or PerCP/Cyanine 5.5 conjugated staining antibod-
ies against CD25 (BC96, BioLegend, UK), PD-1 (NAT105, BioLegend, UK),
CD8 (SK1, BioLegend, UK), CD4 (OKT4, BioLegend, UK), FOXP3 (259D,
BioLegend, UK), CCR7 (G043H7, BioLegend, UK), CD62L (DREG-56, Bi-
olegend, UK), CD103 (Ber-ACT8, BioLegend, UK), CD57 (HNK-1, BioLe-
gend, UK), CD95 (DX2, BioLegend, UK) or CD122 (TU27, BioLegend, UK)
were used. Cells were then washed by centrifugation and resuspension
in PBS containing 1% BSA to remove unbound antibodies. After an ad-
ditional centrifugation step, cells were fixed in 2% PFA (Sigma—Aldrich,
Germany) for 30 min at room temperature and protected from light. The
PFA solution was removed by centrifugation and cells were stored until
further analysis in PBS containing 1% BSA at 4 °C protected from light.
Surface marker staining was quantified with a Luminex Guava easyCyte
and FACSVerse flow cytometer (BD Biosciences) equipped with 642 and
488 nm laser lines. A minimum of 1000 cells was recorded for each con-
dition. The flow cytometric data was analyzed via the Flow)o V.10 software
(Flowjo LLC, USA).

Cytokine Analysis using Flow Cytometry: In order to gain a better un-
derstanding of dsLB expanded T-cell phenotyps, a LEGENDplex Human
CD8/NK Panel V02 (BioLegend, UK) was performed. For this, primary hu-
man CD8" T cells were co-cultured with soft, firm and stiff dsLBs, Dyn-
aBeads as well as memBeads. These aAPCs were decorated with anti-CD3
(UCHT1 or SK7, Invitrogen) as primary stimulating signal and anti-CD28
(CD28.2, BioLegend) co-stimulatory signal in ratios of 1:4 or 1:1 with a
final AB concentration of at 200 molecules um?. To take co-stimulatory
signals for T-cell expansion into account CD28 was replaced by ICAM1
(Sino Biological, China) or IL-2 was reduced to 12.5 U mL~". The co-
cultivations was performed with 70 000 CD8" T-cells in a 1:2 ratio with
aAPC in 96-well plates for 7-9 days at 37 °C, 5% CO, and 100% humid-
ity in fully supplemented cell culture medium. After the incubation the
cells were centrifuged and 100 pL of the supernatent was used to con-
duct the LEGENDplex assay. It was performed according to manufacturer
instructions and measured using FACSVerse flow cytometer. Cytokine con-
centrations were assessed by analysing the data with a software suitable
for LEGENDplex provided by BioLegend (https://www.biolegend.com/en-
us/immunoassays/legendplex/support/software).

CD8" T-Cell Expansion Analysis: T cells from the previously described
LEGENDplex assay were fixed with 2% PFA for 30 min at RT in the 96-well
plate. After the fixation 2% BSA were added for 10 min before the cells
were incubated for 1h with the nucleus staining fluorophor Hoechst 33342
(Thermo Fisher scientific, Germany) at a final concentration of 1pg mL™".
The stained cell nulcei were imaged with a LEICA DMI1600 B (Leica Mi-
crosystems, Germany) and a 10x objective (HCX PL FLUOT AR 10x/0.30,
Leica Microsystems, Germany) and UV excitation. The images were ana-
lyzed with the Image) software (NIH, USA) by global intensity-threshold
segmentation, watershed particle separation and automated cell counting.

T Cell Stimulation with dsLBs and a Bispecific T Cell Engager. CD8* T
cells were activated and expanded in 96 half-area well plates by incubating
50 000 T cells in a approximate ratio of 1:2 with dsLBs in a total volume
of 180 uL fully supplemented cell culture medium for 9 days. All condi-
tions were further supplemented with recombinant human IL-2 at a con-
centration of 50 U mL~". The incubation conditions were 37 °C, 5% CO,
and 100% humidity. The dsLBs were decorated with Her2 (Sino Biologi-
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cal, China) and ICAM1 (Sino Biological, China) using the same method as
previously described for protein G functionalization, with the final Her2
protein density being 100 and 400 molecules um?. A CD3/Her2 bispe-
cific T cell engager (BSAB-002, Creative Biolabs, USA) was added to the
medium in a 6 step dilution series reaching from 1 pM to 100 000 pM.
After 4 to 5 days of incubation, the antibody containing medium was ex-
changed for fresh cell culture medium without additional TCE. Four con-
trol experiments were performed: T cells were incubated without dsLBs or
with non-functionalized, plain dsLBs. T cells were co-cultured with dsLBs
decorated with 100 Her2 molecules um?, while the cell culture medium
was supplemented with a final concentration of 100 000 pM of human
serum 1gG (14506, Sigma—Aldrich, Germany). Lastly, Dynabeads human
T-Activator CD3/CD28 beads (Gibco, Germany) served as a positive con-
trol and were used according to the manufacturers recommendations.
The T cells were stained with AlexaFluor488 or AlexaFluor647 conjugated
antibodies against CD25 (BC96, BioLegend, UK) and PD-1 (NAT105, Bi-
olegend, UK) and fixed in in 2% PFA (Sigma—Aldrich, Germany) as de-
scribed above. The surface marker staining was documented using Lu-
minex Guava easyCyte and FACSVerse flow cytometers. A minimum of
2000 cells were recorded for each condition. The flow cytometric data was
analyzed via the Flow)o V.10 software (FlowJo LLC, USA).

Data Post-Processing and Statistical Analysis:  Graphs were plotted ei-
ther with GraphPad Prism 8 or Origin 2022 (OriginLab). Statistical analy-
sis was performed with in-build functions of GraphPad Prism & software
as indicated. Normalization was performed to positiv or negative controls
as indicated in the figure legends. If not indicated otherwise, plots show
mean +SD values of technical or biological replicates as indicated in the
figure legends. Statistical tests applied were also indicated for each data
set in the figure legends. Figure illustrations were in parts created with
BioRender.com.
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