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The right touch: design of artificial antigen-
presenting cells to stimulate the immune system

Joep van der Weijden,+? Leonie E. Paulis,* Martijn Verdoes,®® Jan C. M. van Hest?
and Carl G. Figdor*®

With the ever expanding possibilities to build supramolecular structures, chemists are challenged to mimic
nature including the construction of artificial cells or functions thereof. Within the field of immunology,
effective immunotherapy critically depends on efficient production of antigen-specific cytotoxic T-cells.
Herein lies an opportunity for chemists to design and synthesize so-called artificial antigen presenting
cells (aAPCs) that can promote T-cell activation and their subsequent expansion. In this review we
discuss the current status of aAPC development, also focusing on developments in nanoscience which
might improve future designs. As synthetic mimics of natural antigen-presenting cells, aAPCs encompass
three basic signals required for T-cell activation: MHC—-antigen complexes, costimulatory molecules and
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aAPC/T-cell contact is important for efficient T-cell activation. We discuss how signals have been
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Introduction to cancer immunotherapy

One of the most promising advances in the global fight against
cancer is the development of immune-mediated anti-cancer
therapies." Cancer immunotherapy is aimed at training the
immune system such that cancer cells are selectively recognized
and destroyed based on tumor antigens expressed on their cell
membrane. Based on this specificity, successful implementa-
tion of cancer immunotherapy has many benefits over existing
therapies, especially the development of long-lived immunity
against cancer in the absence of major side effects.

Key players in the immune system are antigen presenting cells
(APCs), in particular dendritic cells (DCs), which are considered
the master organizers of the immune system. When DCs
encounter tumor tissue, they pick up antigenic fragments of the
tumor cells, and are stimulated to migrate to the lymphoid organs
(i.e. lymph nodes and spleen) for antigen presentation to T-cells.
DCs process the captured tumor antigens into small peptide
fragments of 9-12 amino acids long and present these embedded
in so called major histocompatibility complex (MHC) class I and II
proteins expressed on their cell surface. Subsequently, T-cells
recognize these MHC-antigen complexes on DCs via their T-cell
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essential for targeting the aAPCs to T-cell rich areas in vivo.

receptors (TCRs). Importantly, two types of MHC class I and II
proteins interact with different T-cell subsets, being CD8" and
CD4" T-cells, respectively. Upon simultaneous presentation of
costimulatory signals by DCs, T-cells will acquire an activated
phenotype and will proliferate. CD8" T-cells develop into cytotoxic
effector cells capable of rapid and efficient killing of antigen
expressing cells (i.e. tumor cells), whereas CD4" T-cells differen-
tiate into helper cells that sustain an active anti-tumor response
via cytokine secretion.” To create a strong instantaneous immune
response, T-cells with an effector phenotype are produced and
released into the body to perform their function, i.e. killing of
tumor cells, after migration into the tissues where tumor resides.

Unfortunately, in many cancer patients, the endogenous
immune response towards tumor cells is severely impaired,
because cancer antigens mainly consist of self-antigens which
lack the power to provoke a strong immune response. To boost
the anti-tumor immune response, two different cell-based
approaches have evolved: DC vaccination and adoptive T-cell
transfer (Fig. 1). Both treatments rely on the re-infusion of ex
vivo stimulated patient-derived autologous immune cells. The
first approach is aimed at the ex vivo loading of DCs with tumor
antigens and costimulatory molecules. Upon administration of
these DCs to patients, they are thought to migrate to the lymph
nodes to actively stimulate tumor-specific T-cells. The alterna-
tive approach focuses on the ex vivo production of tumor-
specific T-cells from blood or tumor biopsies, thereby providing
patients directly with tumor-cytotoxic T-cells.*”

During the past 15 years, early clinical trials have been per-
formed using both DC vaccination and adoptive T-cell
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Fig.1 Outline of DC vaccination and adoptive cell transfer for the treatment of cancer. In DC vaccination, autologous DCs are harvested and
loaded with antigens ex vivo, and then re-infused for treatment. In adoptive T-cell transfer, tumor-antigen specific T-cells are harvested and
isolated from a tumor biopt, stimulated with either soluble antibodies or first generation aAPCs ex vivo and finally re-infused for treatment.
Alternatively, direct injection of second generation aAPCs can allow for in vivo stimulation of tumor-antigen specific T-cells, circumventing ex

vivo cell handling procedures.

transfer.>*® However, their wide-spread clinical use remains
limited as implementation is very laborious and costly, partic-
ularly because the cells that are used for treatment have to be
derived and processed from individual patients.® This means
that for every patient a tailor made product must be made.
Other cancer immunotherapies that have been developed, such
as cytokine or antibody treatment (e.g. trastuzumab, rituximab)
temporarily boost the immune system. Although these products
can be made in large quantities and can be applied to large
groups of patients as opposed to cell-based approaches, they
usually lack the ability to produce a memory type of immune
response and therefore require repeated treatments at short
intervals.

Cancer immunotherapy could therefore greatly benefit from
the development of fully synthetic DC analogues, as an ‘off-the-
shelf’ product to elicit highly reproducible antigen-specific
immune responses upon administration into patients via in vivo
direct T-cell activation. This has led to the production of so-
called artificial antigen-presenting cells (aAPCs). The develop-
ment of such off-the-shelf aAPCs that can be directly injected
into patients would circumvent ex vivo cell handling proce-
dures, resulting in a more cost-effective immune therapy with
the additional advantage of offering a high degree of control
over the ultimate immune response.

Not only basic scaffold design parameters such as size, shape
and rigidity are important to capture the complexity of natural
T-cell activation with synthetic constructs. Other factors must
also be carefully tuned, such as the mobility of T-cell activating
ligands to closely mimic natural signal transduction or the
controlled release of cytokines from aAPCs to direct T-cell
differentiation.

3356 | Chem. Sci,, 2014, 5, 3355-3367

In this review we will first briefly describe the biology
involved in natural T-cell activation and continue with a
discussion on recent progress made within in the field of aAPC
design. Special emphasis is given on aspects essential for in vivo
T-cell activation by aAPCs.

Requirements for biomimetic T-cell
activation

The concept of artificial antigen presentation on micro- or
nanoparticles was already introduced in the late 1970s (ref. 7)
and ever since, a wide variety of biomaterials have been
proposed as a scaffold for aAPCs.? Recent advances in bioma-
terial science have enabled researchers to translate immuno-
logical knowledge into biomimetic material properties.
Two immunological aspects are particularly relevant for aAPC
design, being the basic signaling components required for
T-cell activation, and the spatial and temporal organization of
these signaling components on the aAPC scaffold.

Signaling components

Activation of T-cells by DCs requires three basic signals, as
illustrated in Fig. 2A. The first signal (signal 1) is obtained from
the recognition of MHC-antigen complexes on DCs by TCRs on
the T-cell. The affinity of a TCR for a single MHC-antigen
complex is rather low (K4 = 1-100 pM) and therefore, several
MHC-TCR complexes are required to effectively stimulate
T-cells. Importantly, the formation of MHC-TCR microclusters
creates a synergistic enhancement of overall DC/T-cell binding
through an increase in avidity.” Membrane-bound adhesive

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (A) Schematic overview of DC signals required for T-cell activation. (1) MHC I/ll-antigen complexes, (

) co-stimulatory or adhesive

molecules, (3) cytokines. (B) Kinetics of IS formation on a T-cell binding a lipid bilayer showing the formation of the cSMAC and pSMAC. Green =

MHC-complex, red =

ICAM-1. Bar = 10 um.*” From ref. 17. Reprinted with permission from AAAS. (C) Physical barriers to protein transport on a

lipid bilayer created by thin chrome lines hamper the spatial organization of the IS. Green = TCRs, red = ICAM-1. Bar = 5 um.?2 From ref. 22.

Reproduced with permission from AAAS.

proteins, such as the T-cell bound integrin LFA-1, surrounding
these microclusters stabilize and prolong DC/T-cell interac-
tions.'*"* As a result, a limited number of activating MHC-TCR
complexes can be sufficient to trigger T-cells.”** To test the
efficacy of aAPCs, antibodies against the TCR co-receptor CD3
are often used as a simple alternative recognition signal instead
of using the more elaborate MHC-antigen complexes. Contrary
to MHC-antigen complexes, which can only stimulate antigen-
specific T-cells, anti-CD3 bypasses the antigen specific TCR
derived signal by directly stimulating the cellular signaling
machinery downstream of CD3."*** As a result, such anti-CD3
induced T-cell activation is non-specific and polyclonal (essen-
tially all T cells are activated).

The second signal (signal 2) is provided by costimulatory
membrane bound proteins on the DC, such as CD80, CD86 or 4-
1BB ligand.” Both CD80 and CD86 interact with CD28, whereas
4-1BB ligand binds to 4-1BB. Both CD28 and 4-1BB are trans-
membrane signaling receptors on T-cells that upon binding to
their ligands on DCs enhance the strength of the T-cell response
to MHC-antigen complexes, which is especially valuable for
weak affinity antigens. T-cell activation without co-stimulation
through the CD28 receptor can lead to a state in which the T cell
is anergic, i.e. meaning that it fails to respond after it reen-
counters its specific antigen.

The third signal (signal 3) comes from soluble signaling
molecules, known as cytokines, which are secreted from DCs. A
subset of immune modulating cytokines, named interleukins

This journal is © The Royal Society of Chemistry 2014

(IL) is critical for T-cell polarization and subsequent differen-
tiation into various phenotypes. For CD4" T-cells in particular,
this depends on the delicate balance between immune acti-
vating interleukins (e.g. IL-2, IL-15), and immunosuppressive
interleukins (e.g. IL-10).>'® The controlled release of interleu-
kins from aAPCs is therefore crucial in order to fine-tune the
immune response.

Immune synapse formation for optimal cell signaling

Dynamic microscopy of the interface between an APC and a T
cell revealed the presence of a highly organized microdomain
(5-10 pm), designated as the immune synapse (IS).""'” The
formation of this synapse is orchestrated by T-cells and is
initiated by contact with APCs. To gain more insight in the
dynamics and functional consequences of IS organization,
supported lipid bilayers (SLBs) have been used as 2D mimics of
APCs. SLBs are formed by deposition of lipid bilayers onto glass
slides, with lipid mobility being preserved within the bilayer.*®
Upon incorporation of fluorescently labeled T-cell ligands that
mimic APC engagement, IS formation can be followed by visu-
alizing the redistribution of T-cell ligands upon T-cell binding.

Extensive studies with SLBs demonstrated that the immune
synapse is not only a highly dynamic structure but also an
extremely specialized structure, characterized by actin-medi-
ated rearrangement of TCRs and LFA-1 microclusters (1.5 um?)
within the T-cell membrane into segregated domains. The
IS adopts a bull's eye pattern, composed of the central
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supramolecular activation cluster (cSMAC), formed by TCRs,
which is surrounded by a ring of adhesion molecules called the
peripheral SMAC (pSMAC) (Fig. 2B)."”***' Importantly, the
cSMAC predominantly contains TCRs which have engaged
MHC proteins, whereas non-bound TCRs reside within the
PSMAC area.’

Of course, diffusion constants of T-cell ligands measured in
SLBs are much higher than those in the cellular membrane,
because lipid movement is not restricted by cytoskeletal
anchors. Therefore, IS formation via SLBs might not accurately
capture the dynamics of natural IS formation. To gain more
insight in the effect of T-cell ligand mobility on T-cell activation,
ligand micropatterns were created by introducing constraints to
the lateral mobility of lipid-tethered ligands, or by immobilizing
ligands onto a surface.?”** These studies show that T-cell acti-
vation is severely hampered when ligands are physically
hindered to rearrange into an IS (Fig. 2C). Recently, Hsu et al.
developed a more physiologically relevant SLB with tunable
lipid diffusion rates, using mixtures of lipids with different
phase transition temperatures, and confirmed that a decreased
lipid fluidity negatively affects the T-cell response.”® These
studies indicate that static ligand/receptor binding between
aAPCs and T-cells is likely not sufficient for efficient T-cell
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activation, and stress the importance of T-cell ligand mobility
on aAPCs to allow for dynamic IS formation and efficient
downstream signaling.

As the field of optical imaging progresses, super-resolution
microscopy techniques such as photoactivated localization
microscopy (PALM) and stochastic optical reconstruction
microscopy (STORM) allow for the imaging of the IS at sub 100
nm resolution.>® These techniques are becoming more acces-
sible to immunologists and chemists alike, adding valuable
information to our current knowledge about the immune
synapse.

First generation aAPCs for ex vivo
expansion of T-cells

In an attempt to develop a standardized platform for ex vivo
tumor-specific T-cell expansion for cancer immune therapy,
researchers developed a first generation of aAPCs, which were
mainly based on solid, micron-sized polystyrene beads coated
with T-cell ligands (Fig. 3).” These microparticles provided a
large contact area between individual aAPCs and T-cells. In
addition, they can be homogenously dispersed with T-cells,
which was shown to be a distinct advantage compared to 2D
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Fig. 3 Tunable biological, physical and chemicals properties of artificial antigen presenting cells, which together determine their efficacy for T-
cell activation. The most commonly used scaffolds, ligation chemistries and ligands are shown.
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surfaces.?® Initially, solid polystyrene (PS) beads were used as a
scaffold material, prepared via controlled emulsion polymeri-
zation.” However, being a non-degradable polymer, PS has
limited clinical potential. Therefore, a novel class of micropar-
ticles, so-called Dynabeads®, was developed, which are based
on an iron oxide core coated with PS. The iron oxide core
enables their easy magnetic removal from T-cells, making this
system suited for safe ex vivo T-cell expansion for clinical
application in adoptive T-cell transfer therapies.**-*

T-cell ligands can be adsorbed onto these beads via non-
covalent interactions or, alternatively, reactive tosyl-, or epoxide-
groups can be incorporated, which allow for covalent attach-
ment of ligands via reaction with nucleophilic amino acid side
chains (Fig. 3).** Even though both PS and iron oxide-based
beads completely lack ligand mobility to facilitate IS formation,
they are very effective in ex vivo T-cell activation. They have been
functionalized with costimulatory molecules in combination
with either anti-CD3 antibodies to mimic polyclonal T-cell
activation or MHC-antigen complexes to generate tumor-
specific T-cells.>** Interestingly, bead-expanded T-cells showed
multifunctional behavior, reflected in the secretion of various
cytokines. Additionally, by using low densities of T-cell acti-
vating ligands, high avidity T-cells were selectively activated,
resulting in very potent tumor-specific cytotoxic T-cells.>®

Various costimulatory molecules have been tested for their
ability to boost either CD4" or CD8" T-cells.*”"* Deeths et al.
observed that PS-based aAPCs prepared with CD80, which
interacts with CD28 on T-cells, induced continuous CD4" T-cell
expansion, but only short-term CD8" T-cell responses.* Anti-
bodies against CD28 are commonly used as costimulatory
molecules, since they are very effective at inducing IL-2 secre-
tion which is important for T-cell expansion.’” However, the
type of T-cell response, as measured by cytokine secretion, may
not be optimal when using anti-CD28. When focusing on CD8"
T-cells, a mix of CD28 and 4-1BB antibodies (1 : 3 ratio) was
found to generate highest cytokine release.*

The in vivo functionality of ex vivo bead-expanded T-cells has
been tested in various models of adoptive T-cell transfer into
tumor-bearing mice.*** In an elegant study, Durai et al. used
immune-deficient SCID mice to prove that iron oxide bead-
expanded human T-cells can elicit a potent immune response
towards human melanoma tumors transplanted to these
mice.*" As a next step, the capacity of beads to directly activate T-
cells in vivo was explored.*** For this purpose, PS-beads coated
with either melanoma-specific MHC I- or II-antigens together
with costimulatory molecules were injected intravenously into
mice, thereby aiming at CD8" and CD4" T-cell activation
respectively.**** Both types of aAPCs were able to significantly
delay tumor growth compared to beads that contained no
tumor antigens but only costimulatory ligands. However, in
both cases tumor growth could not be entirely prevented by
aAPC treatment. In an in vivo setting, costimulatory molecules
were essential to generate an efficient anti-tumor response,
especially when using low affinity antigens, as was shown by
Ugel et al. who used iron oxide beads coated with TRP-2 (a
tumor antigen) combined with CD80.*> However, micron-sized
beads showed massive accumulation in the lungs, probably

This journal is © The Royal Society of Chemistry 2014
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reflecting the trapping of microparticles in lung capillaries. This
might result in severe health risks, such as microvascular
occlusion, which strongly limits the therapeutic potential of
these systems.***

Shifting towards aAPCs for in vivo T-
cell activation

A crucial aspect in the design of aAPCs for in vivo applications,
is their distribution in the body. Upon administration into
patients, aAPCs should efficiently home to T-cell-rich areas,
which are predominantly located in the lymph nodes and
spleen. As biodistribution is largely dictated by the route of
administration and particle properties such as size, morphology
and stiffness, tuning these properties is crucial when targeting
the lymphoid organs (Fig. 3).

In general, small particles (<100 nm) show the most
dynamic behavior, due to their ability to pass through natural
barriers in the body. For example, upon intradermal (skin)
administration, small (25 nm) pluronic stabilized poly-
propylene (PPS) nanoparticles easily penetrated the extra-
cellular matrix and by interstitial fluid pressure they rapidly
moved towards skin-draining lymph nodes. This is in
contrast to larger PPS particles (>500 nm), the majority of
which remained physically stuck in the skin (Fig. 4A).*%!
Unfortunately, once in the lymph node, these PPS nano-
particles were prone to phagocytosis by e.g. macrophages,
thereby rendering them unavailable for interacting with
T-cells (Fig. 4B).*® Particles can also be injected directly into
the blood. Nanoparticles between 100-200 nm are optimally
suited for prolonged circulation, which increases their time-
window to accumulate in T-cell rich organs, since they are
large enough to avoid uptake in the liver, but small enough to
avoid filtration in the spleen.” Larger particles (>200 nm) are
rapidly filtered from the blood by macrophages in both the
liver and spleen (Fig. 4C).***** Micron-sized particles are
also trapped in the lungs, thereby blocking the local
microvasculature.*®*”

Not only size, but also shape critically contributes to particle
distribution in the body.*”** Decuzzi et al. compared silica
microparticles with a discoidal, spherical and cylindrical shape
of similar volumes (0.6-0.8 um?) and found that disks showed
lowest accumulation in the liver, whereas cylinders were least
trapped in the lungs and spleen.”” This was in agreement with
Geng et al., who showed that elongation of micelles into fila-
mentous structures (8 um length) significantly prolonged their
circulation time, which might be explained by their ability to
align with the blood flow.* In addition to particle geometry, the
mechanical deformability also affects the biodistribution.
Flexible particles are more easily deformed when passing
through biological barriers.*®*” This was shown by Merkel et al.,
who developed non-rigid microparticles with an elastic
modulus ranging from 8-64 kPa, tuned by the degree of internal
cross-linking. The circulation time was prolonged with
decreasing stiffness, and moreover flexible particles were
retained less in the lungs.*

Chem. Sci,, 2014, 5, 3355-3367 | 3359
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Fig. 4 (A) In vivo imaging of micron- and nano-sized aAPC (diameter

4.5 um and 50-100 nm, respectively). Following subcutaneous
injection, nanoparticles traffic from the migration site towards the
inguinal lymph node within 24 h, whereas microparticles are physically
stuck at the injection site.*® Reprinted from Nanomedicine, 10, Perica
et al., Nanoscale artificial antigen presenting cells for T cell immuno-
therapy, 126, ©2014, with permission from Elsevier. (B) Within the
lymph node, nanoparticles (20 nm) co-localize predominantly with
phagocytic cells (i.e. macrophages and dendritic cells). Green =
nanoparticles, red = CD68. Bar = 100 um.*® Reprinted from Journal of
Controlled Release, 112, Reddy et al., In vivo targeting of dendritic cells
in lymph nodes with poly(propylene sulfide) nanoparticles, 29, copy-
right 2006, with permission from Elsevier. (C) Upon intravenous
injection, nanoparticles (100 nm) predominantly accumulate in
macrophages in the liver (left) and spleen (spleen) within 48 h. Red =
nanoparticles, cyan = CD18, green = CD68. Bar = 100 um.°®
Reprinted from Journal of Controlled Release, 162, Paulis et al.,
Distribution of lipid-based nanoparticles to infarcted myocardium with
potential application for MRI-monitored drug delivery, 281, copyright
2012, with permission from Elsevier.

As mentioned earlier, macrophage uptake of particles
remains a problem irrespective of their size. To escape macro-
phage recognition, particles can be coated with hydrophilic
polymers, such as FDA approved poly-(ethylene glycol)
(PEG).***° PEGylation creates a hydrated layer on the particles’
surface, thereby minimizing particle opsonization, a process
which acts as a natural marker sign for phagocytosis by
macrophages.*® Alternatively, a small peptide derived from
CD47 - which is a ‘marker of self” membrane protein expressed
by red blood cells, generating a ‘don't eat me’ signal - is a
potentially interesting approach to prevent engulfment by
macrophages and thereby enhance the circulation time of
nanoparticles.®

In conclusion, for in vivo applications of aAPCs, small
nanoparticles (100 nm) display a favorable distribution towards
T-cell-rich sites as the lymph nodes and spleen, even though

3360 | Chem. Sci., 2014, 5, 3355-3367
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this size might not be ideally suited for T cell activation
compared to microparticles. Alternatively, microparticles can be
injected directly into the lymph node, thereby avoiding poten-
tial disadvantageous body distribution upon intradermal or
intravenous injection.**

Adding complexity to design second
generation aAPCs

To improve the performance of aAPCs for in vivo T-cell activa-
tion, a second generation of aAPCs is currently being developed.
Due to recent advances in nanoscience, more complex micro-
and nanoparticle architectures are now within reach, which
allow for more detailed studies on the requirements for optimal
T-cell activation.

Geometry

T-cell activation by DCs is a multi-phase process, in which the
required DC/T-cell contact duration can last for more than one
hour, depending on the activation stage of the T-cells.®” There-
fore, to provide a platform for sustained signaling between
aAPCs and T-cells, rapid internalization of aAPCs by T-cells
should be prevented. As previously stated, the decision of cells
to internalize particles depends, amongst others, on shape or
rather local curvature, as it contacts the cell membrane.
Consequently, increased resistance to phagocytosis might be
obtained by carefully tuning particle shape.

To produce particles with non-spherical geometry, two
different methods can be used: direct formation of non-spher-
ical particles or deformation of pre-fabricated spherical parti-
cles.®® The first approach encompasses, amongst others,
photolithography and microfluidics, but the most popular and
versatile technique is Particle Replication in Non-wetting
Templates (PRINT), which can produce any desired shape using
nanoscale molds (Fig. 5A).** Using PRIiNT technology, particles
can be prepared from a huge variety of starting materials,
including biocompatible compounds such as poly-(lactic-co-
glycolic acid) (PLGA) or PEG. The second approach uses
spherical solid particles, primarily composed of polymers such
as PS or PLGA, whose shape can be modified by film-stretching
of a thin sheath of particles.®® Shape can be controlled by tuning
the extent of film stretching and the time point of stretching
(before or after liquefaction of the particles) (Fig. 5B). Alterna-
tively, polymer assemblies can be kinetically trapped in a variety
of morphologies. For example, spherical polymersomes
composed of the amphiphilic block copolymer PEG-PS were
subjected to a simultaneous dialysis and vitrification process
which allowed the formation of more complex shapes such as
disks or stomatocytes.®

Mitragotri and colleagues have extensively studied the role
of particle geometry on internalization using film-stretched
PS-based micro- and nanoparticles with various aspect ratios
(AR = width/height).***” They observed an aspect ratio-depen-
dent, but size-independent uptake of particles by macrophages.
When particle geometry is transformed from spherical to
ellipsoidal to even filamentous, the aspect ratio increases

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (A) Preparation of particles using PRINT. (1) An elastomeric
PRINT mold (green) is generated with micro/nanopatterns derived
from the features on the silicon wafer. (2) A liquid pre-particle material
(red) is filled into the mold. (3) The liquid is chemically converted into a
solid. (4) Solid particles (red) can be removed from the mold by adding
an adhesive layer (yellow) on top of the mold, which can pull particles
from the mold. (5) Particles can be freed from the surface by dissolving
the adhesive layer.®* Reprinted from ref. 63. Copyright 2013 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. (B) Preparation of
particles from spherical particles using film-stretching. A dried film of
particles is created, which can be stretched via two procedures: top:
particles are first liquefied using heat or toluene, followed by film-
stretching in one or two dimensions and solidification. Bottom: the
film is first stretched in air to create voids around the particles, fol-
lowed by liquefaction and finally solidification.®®> Copyright © 2007,
The National Academy of Sciences. (C) Scanning electron microscopy
of cells interacting with microparticles, brown = macrophages, purple
= microparticles. Top: spherical particle being internalized by a
macrophage. Middle: macrophage attaching and spreading the flat
sides of a disk-shaped particle, but not internalizing it. Bottom: fila-
mentous particles are not internalized by macrophages.®*¢” Top and
middle panel copyright © 2006, The National Academy of Sciences.
Bottom panel reprinted with permission from ref. 62.

drastically (AR = 1-20) and particles are more likely to approach
cells with their low curvature sides. As a result, ellipsoids
showed more binding, but less uptake by macrophages than
spherical particles, whereas the internalization of filamentous
worms was completely inhibited (Fig. 5C).*”*°

Importantly, when particles were functionalized with tar-
geting ligands, elongated particles (AR = 3-4) displayed higher
specific and lower non-specific uptake compared to spheres,
which can likely be attributed to the large cell/ellipsoid contact
area.”® This finding was exploited by Doshi et al., who developed
phagocytosis-resistant PLGA-based constructs composed of flat
disks (diameter 6 um) covered with hemoglobin.*”

The advantage of using non-spherical particles as aAPC
scaffold was recently shown by Sunshine et al.”* Ellipsoidal
aAPCs exhibited more efficient ex vivo T-cell expansion than
spherical aAPCs. This is probably caused by a combination of
(1) reduced internalization and thus sustained T-cell signaling,
and (2) an increased aAPC/T-cell contact area, which might
enhance signaling strength.” This hypothesis is in line with
previous observations that microparticles are better at acti-
vating T-cells than nanoparticles,” although this effect is not
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always observed.*® When ellipsoidal and spherical aAPCs were
compared in vivo, ellipsoids induced a more potent anti-tumor
response than spheres,”* yet it remains to be determined
whether this is caused by differences in their interaction with
T-cells or by a more favorable biodistribution.

T-cell ligand mobility

The ability of MHC-antigen complexes to relocate within the DC
cell membrane in response to binding TCRs is crucial for IS
formation and thus for efficient signal transduction.'* Therefore,
the dynamic remodeling of surface bound ligands on aAPCs is
increasingly recognized as an important aspect in aAPC design.
Although working with solid micro- and nanoparticles is appealing
from an engineering point of view due to their high stability and
reproducibility, these particles only allow for the random and fixed
attachment of surface-bound ligands. Methods that allow for
anisotropic or even dynamic surface presentation of T-cell recog-
nition and costimulatory molecules can actively support IS
formation, which will ultimately improve T-cell activation.

Using the PRINT technology or particle masking, anisotropic
or patterned microspheres have been prepared, consisting of PS
particles coated with two proteins distributed into spatially
separated domains.®*”* A polydimethylsiloxane (PDMS)-mask
was created that shielded small circular patches from protein
adsorption (Fig. 6A). After coupling the first protein, the pro-
tecting mask was removed and a second protein was selectively
coupled to the patches, thereby creating patterned microparti-
cles. This type of construct could be functionalized with T-cell
ligands to create IS mimicking patches. Alternatively, poly(acrylic
acid)/poly(allylamine hydrochloride) (PAA/PAH) microtubes have
been prepared in which either the short ends or long sides con-
tained hyaluronic acid, which strongly binds to cells.” This
enabled orientation-specific attachment of particles to cells,
which might be exploited to prevent particle internalization by
directing preferred T-cell binding to the long sides.

However, these patterned constructs still lack ligand mobility.
To create truly dynamic rearrangement of T-cell ligands on the
aAPC surface, lipid-based aAPCs (liposomes) have been devel-
oped. Liposomes are spherical vesicles composed of a bilayer of
amphiphilic lipids such as phosphatidyl-choline, -ethanolamine,
-serine or cholesterol. The diffusion of individual lipids within
this bilayer is dependent on the composition of the lipid mixture
and the melting temperatures of individual lipids. The fluidic
character of the bilayer allows for mechanical resizing, which is
an advantage for in vivo applications of liposomes as aAPC.

Upon reconstitution of T-cell binding ligands into lipo-
somes, these ligands can diffuse freely within the lipid
bilayer.””>”7” This unrestricted surface motility of T-cell ligands
closely mimics natural DCs, as was shown by Prakken et al. who
found that liposomes containing MHC class II-antigen
complexes induced interfacial MHC/TCR clustering, thereby
demonstrating the potential of signal clustering using lipid
aAPCs.” For efficient T-cell activation though, preclustering of
MHC-antigen and costimulatory antibodies within the lipid
membranes was found to generate more efficient T-cell activa-
tion compared to homogeneously distributed ligands.” Signal
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Fig. 6 (A) Production of anisotropically labeled microparticles. (1) Production colloidal crystals by iterative filling of colloidal well with micro-
particles. (2) Development of the mask at particle contact points. (3) Dual protein patterning. Microparticles are separated from the scaffold and
labeled with the first protein (green) on the non-masked region. This is followed by removal of the mask and labeling with the second protein
(red) on the previously masked regions.” Reprinted from ref. 72. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. (B)
Schematic overview of 3D supported lipid bilayer particles developed by Ashley et al. A lipid bilayer is deposited on a silica core that contains anti-
cancer drugs. The lipid bilayer contains targeting ligands for efficient cancer cell binding, fusogenic peptides to facilitate particle uptake by
cancer cells and PEG-tails to ultimately prolong the circulation time and thus enhanced tumor uptake.® Reprinted by permission from Macmillan
Publishers Ltd: Nature Materials, ref. 80, copyright 2011. (C) Top: proposed mechanism by which linear flexible polymeric aAPCs can facilitate IS
formation and thus T-cell activation. Bottom: anti-CD3 polymers (sDC) are more efficient in T-cell activation than aCD3-PLGA microparticles or
soluble anti-CD3.5* Adapted from ref. 83 with permission from The Royal Society of Chemistry. (D) PLGA-based aAPCs containing signal 1 (anti-
CD3), signal 2 (anti-CD28) and signal 3 (IL-2 release) require direct aAPC/T-cell contact to create local high IL-2 concentration to induce its
stimulatory effect (right setup). Separation of IL-2 containing aAPCs (paAPC) and T-cells in a transwell system results in lower T-cell proliferation,
even if anti-CD3/anti-CD28 aAPCs are added to the T-cell compartment (left setup). Also mixing of anti-CD3/anti-CD28 aAPCs and IL-2
particles (without anti-CD3/anti-CD28 coating) (middle scheme) results in less efficient T-cell activation compared to the three signal aAPC
(paAPC).# This research was originally published in Journal of Biological Chemistry. Steenblock et al. An Artificial Antigen-presenting Cell with
Paracrine Delivery of IL-2 Impacts the Magnitude and Direction of the T Cell Response. Journal of Biological Chemistry. 2011; 286, 34883-92. ©
The American Society for Biochemistry and Molecular Biology.

clustering was achieved by incorporation of lipid raft-forming
GM1-lipids, to which T-cell recognition and costimulatory
antibodies were coupled, into the liposomes.” These preclus-
tered, liposomal aAPCs were also compared with iron oxide
microbeads for their ability to expand T-cells, showing that
these nano-sized liposomes were as effective as microbeads, but
preferentially expanded CD8" over CD4" T-cells, which is an
advantage for in vivo induction of cytotoxic (CD8") T-cells.”

3362 | Chem. Sci,, 2014, 5, 3355-3367

Liposomes have attractive features for the ideal aAPC system:
they are biocompatible, biodegradable, have a membrane
which is fluid enough for T-cell ligand reorganization and they
allow for the incorporation of soluble immune-stimulating
compounds. Unfortunately, their clinical use might ultimately
be hampered by their poor stability, caused by lipid exchange
between liposomes and cells. Polymersomes, prepared from
amphiphilic block-co-polymers, may prove to be an attractive
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alternative to liposomes.”*® The individual polymer chains are
longer than lipids, resulting in more rigid and stable particles,
owing to the entanglement of the polymer chains at longer
chain lengths and the higher melting points of polymers
compared to lipids. A potential drawback of this increased
stiffness is a reduced ligand mobility and a stringent size-
dependent cut-off in the biodistribution, because of the
inability of polymersomes to squeeze through small pores.*

Another elegant solution is coating of solid nanoparticles with
a lipid bilayer, so-called 3D SLBs.**® Cell-sized SLB have
successfully been used for in vitro T-cell activation.*® The lipid
layer allows for lateral movement of surface bound ligands, to
mimic the fluid nature of natural cell membranes, while the solid
support provides stability via non-covalent interactions with
lipids. The solid scaffold is usually composed of biodegradable
PLGA or silica particles, thereby providing the attractive feature to
include soluble active compounds within the particle core. For
example, Ashley et al. developed silica-based SLB containing a
cocktail of chemotherapeutic drugs that showed efficient tumor
cell killing (Fig. 6B).** Furthermore, they studied the influence of
membrane fluidity on binding to cancer cells using lipids that are
either above or below the melting point at 37 °C (DOPC and
DPPC, respectively), thereby creating fluid or non-fluid SLB. As
expected, increased membrane fluidity, and thus targeting ligand
mobility, improved cancer cell binding.

Instead of using nano- or microparticles, an alternative aAPC
concept was introduced by Mandal et al. (Fig. 6C).** In their aAPC
design, a flexible linear isocyanide/dipeptide polymer was used as
a backbone for T-cell ligand presentation. The isocyanide poly-
mer adopts a helical structure in aqueous solvents, which is
stabilized by linear sheets of hydrogen bonds between peptide
side chains.® To these side chains, short PEG tails were attached
to which T-cell ligands, in this case anti-CD3, were coupled. This
polymer proved extremely potent in T-cell activation compared to
PLGA-based microparticles, which were attributed to this aAPC's
unique structure. Firstly, the isocyanide polymers appeared not
to be internalized by T-cells, and therefore provide continuous
receptor signaling. Secondly, the isocyanide polymer is flexible,
thereby allowing for T-cell ligand repositioning upon T-cell
binding. Finally, the spring-shaped backbone provides tension to
the aAPC/T-cell binding sites, acting as an artificial cytoskeleton
driving anti-CD3 clustering at the T-cell surface causing subse-
quent downstream signaling and activation.®®

Recently, Perica et al. provided an elegant example of
induced ligand mobility with nano-sized (50-100 nm) iron-
dextran-based aAPCs.*” Although the ligands present on a single
aAPC were immobile, the magnetic core of these particles
allowed for an induced clustering effect of multiple aAPCs on
the T-cell surface in the presence of a magnetic field. T-cells that
were cultured with these aAPCs showed enhanced activation
only in the presence of a magnetic field.

T-cell ligand conjugation

T-cells ligands can be attached to the surface of aAPCs via
various linker strategies. When conjugating different types of
T-cell ligands to a single construct it is desirable to have
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control over coupling efficiency, stoichiometry and spatial
arrangement. Fuertes et al. recently showed that especially
when using non-specific coupling procedures to simultaneously
conjugate multiple ligands, one ligand may outcompete
binding of others.*® By performing a stepwise coating strategy
this direct competition can be overcome. It should however be
noted that in a stepwise procedure the first ligand will occupy
the more reactive and more sterically exposed positions on a
given aAPC, which in turn could result in non-homogenous
spatial distributions of different ligands. Therefore, Fuertes
et al. righteously emphasize the need for quality-control of
ligand conjugated aAPCs prior to their use in immunotherapy.
Unfortunately, most studies do not address this issue of ligand
coupling efficiencies, which makes comparisons of different
types of aAPCs within a single study difficult and potentially
misleading.

Many studies exploit non-covalent avidin-biotin interactions
to functionalize avidin-coated particles with various bio-
tinylated T-cell ligands.””**** Theoretically, four biotin binding-
sites are available per avidin molecule, which are stochastically
filled with biotinylated proteins. Some authors claim the
formation of preclustered microdomains composed of three
different ligands (anti-CD3, anti-CD28 and anti-LFA-1) occu-
pying a single avidin.”*”” However, statistically this is very
unlikely in a single step incubation, and instead these three
ligands will probably be randomly distributed over all the avidin
molecules on the particles. Furthermore, full binding to all four
available binding sites on avidin is rarely observed when
coupling large biomolecules because of steric hindrance.

To gain more control over the coupling of multiple T-cell
ligands onto a single aAPC scaffold, a combination of various
more specific conjugation strategies can be used. When using
lipid- or polymer-based particles, a variety of reactive end-
groups can be employed for covalent linking of proteins via for
example: maleimide-thiol, succinimidyl ester-amine or carbo-
diimide-carboxyl chemistries or bioorthogonal azide-alkyne/
phosphine and Diels-Alder chemistries. When these chemis-
tries are combined, particles can be functionalized with
multiple ligands in a highly controlled manner using a different
conjugation strategy for each type of ligand. A detailed discus-
sion of this cross-linking chemistry is outside the scope of this
review, but a recent review on this topic can be found
elsewhere.”

Even when applying orthogonal ligation chemistries for the
introduction of different ligands onto aAPCs, a major challenge
that will persist is to gain control over the distribution and
orientation of these different functional groups on the aAPC's
surface. On the biomolecule alike, control over the coupling
position is important to retain its function. The standard amine,
carboxylic acid and thiol chemistries that are mainly used to
couple ligands can have dramatic influence on the integrity of
active regions on these biomolecules and can also lead to subop-
timal orientation of ligands on the surface of the aAPC, thereby
rendering the ligands unavailable for T-cell activation. Therefore,
the aAPC field could greatly benefit from advances in site-directed
protein modification, both genetically”* and chemically (e.g
N-terminal diazotransfer)* and enzymatically (e.g. sortase).®
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Release of soluble ligands

Cytokine release allows cells to regulate processes in neigh-
boring cells without the need for direct cell contact. A special
class of cytokines, interleukins (IL), play an important role in
the orchestration of the immune response generated upon DC/
T-cell interactions. The ultimate T-cell phenotype is highly
dependent on the type and local concentration of ILs that T-
cells sense during DC-mediated activation.

In current in vivo applications of aAPCs, cytokines such as IL-2
are often administered systemically.*>** However, this may lead
to severe toxic side effects resulting from non-specific immune
activation, a phenomenon known as cytokine storm.®® Therefore,
aAPC scaffolds that allow for controlled release of activating
cytokines are highly desirable to enable high local concentra-
tions, while avoiding systemic exposure.*>*”~*° Traditionally, lipid
nanoparticles and biodegradable polymeric solid particles have
been used as localized delivery vehicles for anti-cancer or anti-
inflammatory drugs.'” Lipid nanoparticles allow for burst release
of their contents, which can be either passively or actively regu-
lated e.g. via the use of thermosensitive or pH-sensitive
lipids.'*~'** Alternatively, polymeric nanoparticles can be used
that display a slower and more sustained release pattern upon
polymer degradation, which can be achieved for example by
using polymers with a hydrolysable backbone (e.g. PLGA) or side-
groups (pHPMA)."***** For PLGA, the rate of degradation can be
tuned by adjusting the PLA/PGA ratio, thereby enabling local
long-term steady cytokine concentrations, which might be
preferred over the peak levels obtained by lipid particles.

The biodegradable polymer strategy was explored by Steen-
block et al., who developed PLGA-based microparticles that
were surface-functionalized with both anti-CD3 and anti-CD28
and contained IL-2 encapsulated in the polymer matrix
(Fig. 6D).”* The slow, sustained release of IL-2 from these
microparticles significantly increased CD8" T-cell proliferation
in comparison with exogenously added IL-2. Furthermore, IL-2
release from the microparticles was required for efficient
proliferation, as surface-bound IL-2 did not elicit an additional
stimulatory effect. A possible limitation to these biodegradable
systems is their intrinsic instability, which could limit the time
that ligands are presented on the aAPC surface. However,
Sunshine et al. showed that after one week incubation of PLGA
particles at 37 °C, 30-40% of the targeting ligands were still
present on the aAPC surface.”

Recently, Park et al. developed a novel drug delivery system
composed of a lipid-bilayer covering a polymeric core, into
which both hydrophilic and hydrophobic drugs can be loaded.*®
They used this scaffold for combined release of TGF-f inhibitors
and IL-2 to counteract the immunosuppressive tumor micro-
environment and simultaneously stimulate cytotoxic tumor-
specific T-cells. With regards to aAPC design, this system
possesses a unique combination of desired hallmarks. Its nano-
size (100-150 nm) makes it extremely appealing for in vivo use.
Furthermore, the polymer matrix allows for highly controllable
cytokine release, whereas the lipid-coating facilitates surface-
presentation of T-cell activating ligands, and allows for their
mobility on the nanoparticle surface for improved IS formation.
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In addition to immune-modulating cytokines, encapsulation
of chemokines into aAPCs might also boost their T-cell acti-
vating function. Chemokines are cytokines that promote T-cell
recruitment by creating cell-attracting signaling gradients.
Upon their controlled release from particles, chemokines can
actively attract T-cells towards these particles and thereby
enhance aAPC/T-cell interactions. For example, in vitro release
of CCL20 chemokine from PLGA particles enabled the recruit-
ment of cells located at a distance up to 0.5 mm from the
particles.'® In vivo, CCL22-containing PLGA microparticles have
been successfully used to recruit immune-suppressive T-cells to
prevent local rejection of allogeneic cells.*®

Conclusions and outlook

Artificial antigen presenting cells as developed during the past
decade show great potential to successfully mimic antigen-
presentation to T-cells. Essential characteristics of natural T-cell
activation have already been translated into simplified aAPC
constructs, for example the dynamic remodeling of surface
bound MHC-antigen complexes and co-stimulatory molecules
in lipid bilayers to mimic an immune synapse. Also controlled
delivery of immune modulating cytokines, such as IL-2, from for
example biodegradable PLGA particles for T-cell differentiation
has already been demonstrated. So far, most aAPCs have been
used to stimulate and expand T-cells in vitro.

When moving towards aAPCs that support in vivo T-cell
activation and expansion, a clear shift has been made from
microparticles to nano-sized constructs, which are so small that
they can passively accumulate in lymphoid organs where high
numbers of T-cells reside. Ultimately, to move towards clinical
application in cancer immunotherapy, a synthetic off-the-shelf
aAPC system, which can be produced in bulk and subsequently
loaded with tumor-antigens would be ideal. As such, aAPCs may
develop into a widespread and powerful therapeutic tool that
further expands the armory of immune intervention therapies
that recently became available.
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