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Abstract

Immunoengineering applies quantitative and materials-based approaches for the investigation of
the immune system and for the development of therapeutic solutions for various diseases, such as
infection, cancer, inflammatory diseases and age-related malfunctions. The design of
immunomodulatory and cell therapies requires the precise understanding of immune cell
formation and activation in primary, secondary and ectopic tertiary immune organs. However, the
study of the immune system has long been limited to in vivo approaches, which often do not allow
multidimensional control of intracellular and extracellular processes, and to 2D in vitro models,
which lack physiological relevance. 3D models built with synthetic and natural materials enable
the structural and functional recreation of immune tissues. These models are being explored for
the investigation of immune function and dysfunction at the cell, tissue and organ levels. In this
Review, we discuss 2D and 3D approaches for the engineering of primary, secondary and tertiary
immune structures at multiple scales. We highlight important insights gained using these models
and examine multiscale engineering strategies for the design and development of
immunotherapies. Finally, dynamic 4D materials are investigated for their potential to provide
stimuli-dependent and context-dependent scaffolds for the generation of immune organ models.

Vaccines and immunotherapeutics protect the body against infections by stimulating a robust
and coordinated immune response towards a specific target. By contrast, immune
suppressors prevent harmful immunity occurring in autoimmune diseases and allergy.
Immunotherapeutics aim at modulating immune cells, such as B and T lymphocytes, which
are white blood cells that reside in the lymphatic system. B and T cells arise from
haematopoietic stem cells (HSCs) (BOX 1), but their maturation, activation and function
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depend on signals from distinct lymphoid niches. Lymphoid niches are specialized
microenvironments that are essential for B and T cell maintenance, providing distinct signals
in the different lymphatic organs (FIG. 1a). Primary lymphoid organs — the thymus and
bone marrow — support T and B cell formation prior to their activation in the secondary
lymphoid organs (lymph nodes, spleen, tonsils, Peyer’s patches and mucosa-associated
lymphoid tissue). Activated B and T cells then infiltrate the site of infection to initiate a
specific response against the target. Disease states, such as infection, transplant rejection,
cancer and chronic inflammation, often lead to B and T cell dysregulation, including the
accumulation of both cell types in structured niches at ectopic locations4. The role of these
structured niches (or tertiary lymphoid structures) is not yet well understood, but they might
offer a potential site to counteract disease.

The possibility to engineer immune cells and tissues has greatly contributed to the discovery
of immunological mechanisms and targeted immunotherapeutics. Technologies to support
survival, expansion and differentiation of immune cells enable the development and large-
scale manufacturing of immune cell-based therapeutics. In particular, activated T cells, such
as chimeric antigen receptor (CAR) T cells, and monoclonal antibodies secreted by
differentiated B cells hold promise in curing many cancers® and autoimmune diseases’ as
well as in alleviating diabetes®-10, neural diseases!1~13 and other devastating disorders’:14.
In addition, engineered immune tissues could enable faster and reproducible development of
materials-based infectious disease vaccines!>17,

However, many aspects of the immune system remain elusive thus far, and therapeutic cell
generation is challenging owing to the lack of complexity of current engineered systems,
which cannot recreate the specific niches, the various immune system components or their
interplay. Current in vivo approaches to model the immune system do not yet provide highly
tunable biological control of specialized immune niches. 2D in vitro models are often an
oversimplification of the niche. Combining these systems with synthetic and natural
materials to engineer specific immune niches at multiple timescales could ultimately bridge
the gap between the high-throughput nature of in vitro systems and physiologically relevant
in vivo models.

In this Review, we discuss 2D and 3D approaches to recreate key cell-level, tissue-level and
organ-level immune functionalities in primary (TABLE 1), secondary (TABLE 2) and
tertiary lymphoid organs, and we highlight the potential for materials science to greatly
contribute to immune cell and tissue engineering (FIG. 1b). Finally, we investigate the
development of 4D, stimuli-responsive and context-dependent materials to more effectively
model and engineer immune cells at the cell, tissue and organ levels.

Primary lymphoid organ engineering

The bone marrow and thymus are primary lymphoid organs because they play a crucial role
in generating and maintaining immune cells. The bone marrow is the main site for the
production and maintenance of all haematopoietic cells'8, which give rise to all blood cells
through a process called haematopoiesis (BOX 1). Bone marrow is also the primary site of B
cell maturation. By contrast, T cell progenitors produced in the bone marrow migrate to the
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thymus, where T cell maturation occurs. The specific tissue structure and biological cues of
the bone marrow and thymus are key to supporting and regulating these processes!®-22,

Engineering bone marrow

HSCs are multipotent stem cells that can self-renew and differentiate. Therefore, healthy
HSCs from donor tissue can be transplanted to regenerate damaged haematopoietic tissue of
immune cell-depleted recipient patients?3-2% (FIG. 2a). HSC transplantation is used not only
as a therapeutic strategy for treating bone marrow diseases, cancer and immune cell
dysfunction but also as a tool for modulating the immune response following whole organ
transplantation to minimize graft rejection?8. Despite the widespread clinical use of HSC
transplantation, there are serious risks associated with it, including graft-versus-host disease,
organ failure, prolonged immunodeficiency and infection2’. Moreover, the population of
HSCs in bone marrow, which is the main source of HSCs, is small and susceptible to
impacts of genetic diseases and ageing2829,

Engineered bone marrow can serve as a model to investigate HSC behaviour in healthy and
diseased tissues. Moreover, it can provide a predictive platform to improve patient therapies
and for the generation of large quantities of immune cells for HSC transplantation. However,
native bone marrow has a complex microenvironment with distinct yet dynamic regions
(niches) that guide the self-renewal and differentiation of HSCs. The specific bone marrow
niches are the endosteal surface of bone, where bone-forming cells reside; arteriolar blood
vessels, which control the resting state of HSCs (quiescence) to support lifelong self-
renewal; and sinusoidal blood vessels that support HSC activation and differentiation39-31,
Importantly, haematopoiesis occurs in the extravascular space between HSC niches?1:22 and
is controlled by complex physical and biochemical interactions between the stroma, HSCs
and the extracellular matrix (ECM), which are not yet fully understood.

Therefore, to engineer bone marrow and its niches for HSC expansion, the effects of the
specific microenvironmental cues on haematopoiesis need to be investigated. Expansion of
HSCs in static 2D cultures is difficult because they cannot provide complex
microenvironmental regulation. By contrast, 3D biomaterials-based culture systems can be
used to replicate aspects of the native microenvironment and to provide spatiotemporal
control of multiplexed cell, biophysical and biomolecular signals (FIG. 2b; TABLE 1). The
composition, architecture, topology and mechanical properties of materials can be tailored
and decoupled to parse the impact of the different biochemical and biophysical factors on
HSC fate to improve the yield of HSCs32-38 ex vivo.

The surface of 3D material scaffolds can be modified with ECM proteins to mimic niche-
specific tissue composition for improved HSC expansion3? (FIG. 2b). Thin polyacrylamide
matrices with varying stiffness can also be coated with a combination of different ECM
proteins to recreate transitions in the microenvironment reminiscent of discrete endosteal
and vascular niches*, which can alter HSC fate*!. Surface modification with ECM proteins
does not fully capture the complexity of the bone marrow microenvironment, but it provides
a tool to mimic local biophysical and biochemical niche properties to control and modulate
HSC differentiation.
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Interactions between HSCs and stromal cells also play a crucial role in HSC fate. Models
that recreate the topology of bone marrow and include stromal constituents can be applied to
investigate these cellular interactions. For example, a 3D polyacrylamide hydrogel matrix
can be fabricated with inverted colloidal crystal (ICC) geometry using a sol-gel approach; in
this model, the matrix displays hexagonally ordered lattices of spherical cavities3’. To
promote stromal cell adhesion and enable tunability of the scaffold stiffness, the ICC surface
can be modified by a layer-by-layer approach to coat the scaffold with sequential layers of
negatively charged silicate nanoparticles and positively charged
poly(diallyldimethylammonium chloride). This approach can be applied to create a high
degree of order, similar to that seen in native bone marrow, and provide control over tissue
porosity and spatial organization for modulating cell interactions and migration2. Human
bone marrow stromal cells and HSCs can then be co-cultured on the modified ICC scaffolds
to promote the development of B cells ex vivo3’. Cell-cell interactions within vascular HSC
niches can also be modelled by co-culturing human bone marrow mesenchymal stem cells
(MSCs) and human endothelial cells on 3D bone scaffolds derived from human femurs; the
native bone architecture coupled with cellular interactions triggers early differentiation of
MSC:s into bone-forming cells, which promote the expansion of repopulating and quiescent
HSCs®,

Bone-marrow-on-a-chip platforms have been developed to address the complex structure
and functions of the bone marrow. In contrast to traditional 2D surfaces and 3D matrices, on-
chip platforms** allow the controlled integration of fluids, which can be used to manipulate
mass transport kinetics of drugs and to incorporate molecular and cellular gradients. These
systems are particularly useful for designing tissue interfaces and for modelling human
physiology in vitro. On-chip platforms can be combined with 3D matrices to mimic ECM
composition and architecture. For example, a microfluidic mixing platform with staggered
herringbone features, which induce chaotic advection in the channel, can be used to generate
3D hydrogels with tuneable and defined opposing gradients of cells and matrix constituents
that are inspired by the HSC niche® (FIG. 2b). This approach allows the dissection of the
effect of the different microenvironments within the bone marrow niche on HSC fate.

Microfluidic chips can further be used to maintain bone marrow explants for continuous
HSC expansion. For example, a polydimethylsiloxane (PDMS) cylinder filled with a type |
collagen gel and specific stimuli can be subcutaneously implanted to induce bone marrow
formation in vivo*6 (FIG. 2b). The engineered bone marrow closely resembles the
composition and architecture of native bone marrow tissue 8 weeks after implantation and
can then be explanted and maintained for 7 days in a microfluidic chip device to support
bone marrow viability and function. The on-chip platform promotes the expansion of a
higher number of long-term HSCs than do static stroma-supported control cultures#®,
demonstrating the importance of HSC interactions with the tissue microenvironment.

Fluid flow plays an integral role in tissue homeostasis*’ and can be implemented in bone
marrow models using bioreactors. Materials-based systems with fluid flow have advanced
our understanding of platelet generation by megakaryocytes*8-52 and of the progression of
different disease states, such as multiple myeloma®3-55, For example, using a template made
of polyethylene oxide (PEO), silk-based films can be fabricated with a porous architecture®°.
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The films can then be casted on patterned PDMS moulds and modified with different bone
marrow ECM proteins to model the heterogeneity of the composition, architecture and
stiffness of HSC niches. The niche vasculature and platelet formation can further be
incorporated by gel-spinning solutions containing silk, PEO and ECM proteins around a
wire, which result in hollow microtube structures, which can be filled with endothelial cells
and perfused in a bioreactor chamber® (FIG. 2b). Similarly, increasing the number of silk
channels, or vessels, within silk sponges leads to a proportional increase in platelet
production, which could have a profound clinical impact on platelet transfusions®2.

HSC transplantations require patient conditioning with radiation or chemotherapy, which
can potentially be prevented using engineered bone marrow. For example, bone tissues with
a functional bone marrow can be engineered in vivo using modular synthetic matrices with
spatially defined cues®®. In this approach, poly(methyl methacrylate) microspheres are used
as templates for macroporous polyethylene glycol-diacrylate-co- N-acryloyl 6-aminocaproic
acid hydrogels, which can then be immersed in simulated body fluid to create calcium
phosphate moieties. By modular assembly of mineralized and non-mineralized hydrogels,
dual-compartment matrices can be engineered that represent bone and central bone marrow.
Notably, subcutaneous implantation of these matrices in mice results in mature dual-
compartment structures with similar cell and ECM composition to native bone tissue-
containing marrow®®, suggesting that this approach can be used to provide surrogate ectopic
bone marrow to increase survival of donor cells after HSC transplantation. Finally, injectable
bone marrow-like macroporous scaffolds made of alginate-polyethylene glycol (PEG) can
enhance T cell immunity after HSC transplantation®’.

Engineering thymus tissue

The thymus is the primary site for the generation of a self-tolerant T cell repertoire
necessary for adaptive immunity19-58. However, the thymus is a vulnerable organ, and its
function can be compromised by several factors, including viral infection, irradiation,
environmental insults and ageing®®. Thymic dysfunction can result in thymic involution, or
shrinking, and consequently a decrease in naive T cell output and weakened immune
responses® (FIG. 3a). Dysfunction can further lead to unresponsiveness, autoimmunity or
malignancies®?. Therefore, there is interest in using materials to model and recreate thymic
functionality to understand thymic regeneration and rejuvenation and to engineer an
implantable thymus®®. Thymic transplants have the potential to help patients with decreased
thymic function resulting from thymic involution or congenital immune deficiencies.
Transplants developed with a mixture of donor and recipient cells can be used to induce
tolerance in the donor, preventing transplant rejection and graft-versus-host disease. Thymic
models can further be applied to generate T cells from renewable cell sources, such as from
induced pluripotent stem cells, for adoptive T cell transfer. Adoptive T cell transfer is a
clinically used personalized treatment strategy in which a patients T cells are reintroduced
into the body to act as a living drug for the treatment of haematological malignancies®1:62,
intracellular pathogens and autoimmunity53.84 (FIG. 3a).

For thymic transplantation and T cell generation, thymic models must contain the key
structural, cellular and microenvironmental cues required for positive and negative T cell
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selection. The thymus is an epithelial organ characterized by two compartments: an outer
cortex region that supports early-stage T cell development and an inner medulla, where later
stages of differentiation occurl®. The compartments are separated by a vascular
corticomedullary zone, and they contain distinct populations of stromal and thymic epithelial
cells arranged in a complex 3D network (FIG. 3b). This cellular network produces homing
signals to recruit lymphocyte progenitors from the bone marrow The epithelial cells provide
maturation and differentiation signals for the generation of a diverse major
histocompatibility complex (MHC)-restricted (that is, the T cell can bind and respond to an
antigen only when it is bound to a particular MHC molecule) yet self-tolerant population of
mature T cells. T cell receptors usually recognize antigenic peptides only when they are
displayed by MHC molecules; however, recognition of self-peptides or of antigens not
bound to MHC can cause autoimmune disease. Therefore, to select for T cells with T cell
receptors that are self-tolerant and restricted to binding peptides presented by MHCs,
cortical epithelial cells in the thymus present self-MHC-self-peptide complexes to
differentiated T cell precursors (thymocytes). Thymocytes that fail to bind or weakly bind
the self-MHC-self-peptide complex undergo apoptosis because they are not restricted to
binding peptides on MHCs and can theoretically react to any peptide. Similarly, thymocytes
that strongly bind the complex are potentially autoreactive and undergo apoptosis.
Therefore, MHC-restricted, self-tolerant T cells are positively selected. Thymocyte
differentiation and selection are also controlled by microenvironmental cues that direct their
migration through the different regions of the thymus19:58,

Early approaches to generate T cells and model the thymus were limited to explant cultures
of embryonic thymic lobes. These cultures were then modified by disassociating these lobes
and reaggregating purified T cell precursors with stromal cells®®. Although restricted by
donor availability, fetal thymic organ cultures enabled the investigation of important
pathways and structural cues in T cell development; for example, the Notch ligand delta-like
ligand 1 (DLL1) affects T cell differentiation in a density-dependent and orientation-
dependent mannerf6-68, Thus, DLL1-presenting bone marrow stromal cells (OP9-DLL1)
have been generated to differentiate haematopoietic and T progenitor cells into early T cells
in vitro®:70, However, using OP9-DLL1 cells, the density and orientation of DLL1 cannot
be controlled. This issue can be addressed by using magnetic polystyrene beads to present an
alternative Notch ligand (DLL4) (FIG. 3c), which allows control of the density, orientation
and timing of ligand presentation. In combination with OP9 cells, the DLL4-modified beads
induce the differentiation of bone marrow HSCs into T cell progenitor cells in insert-based
or mixed stromal cell culture’®. This bead-based approach relies on the incorporation of
stromal cells. Alternatively, a stromal cell-free thymic niche can be designed by coating
plates with defined densities of DLL4-Fc and vascular cell adhesion protein 1 (VCAM1)-Fc
(FIG. 3c). Using this plate-based system, VCAM1 was identified as an important cue that
potently enhances Notch activation and T cell induction. Moreover, the thymic niche model
can be used to generate progenitor cells, which mature into cytokine-producing mature T
cells in vivo’2,

Notch ligand-based approaches using DLL presentation lack efficiency and negative and
positive cell selection, which are necessary for adaptive immunity and tolerance. Monolayer
models of OP9-DLL1 cells further show suboptimal DLL1 expression with time. Therefore,
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3D architectures similar to the thymic microenvironment are required’3. For example, a
compaction reaggregation technique can be applied using centrifugation to form an
aggregate of HSCs, progenitor cells and genetically engineered bone marrow stromal cells
expressing human DLL1. The aggregate can then be plated on a cell culture insert at the air-
fluid interface (FIG. 3d), resulting in a serum-free artificial thymic organoid culture
platform. This platform enables long-term maintenance of lymphoid progenitors, phenotypic
progression closely resembling human thymopoiesis, improved positive selection and
efficient differentiation of progenitor and receptor-engineered T cells’4.

To overcome the use of genetically engineered stromal cells for thymic transplantation,
thymic epithelial cells can be used, which also provide the necessary signals for the
recruitment of lymphocyte progenitors from the bone marrow, thymocyte differentiation and
thymocyte maturation’. However, thymic epithelial cells need to form a sponge-like 3D
architecture to function’8. Thymic ECMs, which can be prepared by chemical or mechanical
decellularization, which preserve native ECM composition and architecture, can be used as a
natural polymer microenvironment for the culture of thymic epithelial cells. Decellularized
thymic ECMs seeded with thymic epithelial cells can be implanted into athymic nude mice
to trigger the formation of naive T cells’”. Decellularized ECMs can further be seeded with
both thymic epithelial cells and bone marrow-derived lymphocyte progenitors and
transplanted into athymic mice (FIG. 3d). These grafts facilitate homing of lymphoid
progenitors, thymopoiesis, T cell support for antigen-specific humoral responses upon
immunization and rejection of skin allografts displaying non-self-antigen. Most importantly,
donor-derived thymic epithelial cells provide immunological tolerance against donor-derived
skin grafts®8.

Decellularization and approaches based on natural ECMs can improve the self-organizing
capacity of progenitor cells’®. However, in natural ECMSs, the protein composition varies
between batches, resulting in a lack of reproducibility’®. Synthetic materials offer more
precise control of the microenvironment and are not limited by donor availability For
example, a self-assembling hydrogel platform based on the co-assembly of amphiphilic or
self-assembling peptides can be used to tether thymic epithelial cells through protein adaptor
complexes, leading to the formation of mini-clusters (FIG. 3d). This platform supports the
development of functional T cells after transplantation into athymic nude mice®0.
Incorporating synthetic materials may also enable the compartmentalization of niche-
specific thymic epithelial cells to generate a diverse T cell repertoire required for effective
thymic transplants and T cell generation.

Secondary lymphoid organ engineering

Secondary lymphoid organs — lymph nodes, spleen, tonsils, Peyer’s patches, and mucosa-
associated lymphoid tissue — are strategically placed at sites where antigens are likely to be
encountered. The primary function of these organs is to enable lymphocyte activation and
induction of the adaptive immune response8. The function of secondary lymphoid organs is
modulated by a microarchitecture that is broadly defined by three zones: an outer antigen-
sampling zone, a T cell activation zone and a B cell activation zone (FIG. 1a). The outer
antigen-sampling zone is rich in antigen-presenting cells (APCs) that can limit the spread of
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pathogens and deliver antigens to the B and T cell zones. Both the T and B cell zones then
provide a niche to mediate interactions with other immune cells, surrounding stromal cells
and extracellular proteins present in the lymphoid microenvironment, enabling B and T cell
differentiation into immune effector cells8l.

Engineering activated T cells

T cell activation and expansion are needed for adoptive T cell therapy but currently suffer
from suboptimal activation rates®? and the production of T cells with undesirable
functionality®3. T cell therapies usually involve the extraction of T cells from blood or a
tumour biopsy Prior to re-infusion, all types of T cells are activated and expanded. In
addition, T cells from the blood can be edited to become specific for disease-causing cells64
(FIG. 4a).

In the body, T cells become activated once they bind processed antigen presented by an
APC, which leads to the formation of an immune synapse. The immune synapse is a
complex microscale structure at the T cell-APC interface characterized by a canonical bull’s
eye-type pattern (FIG. 4b). This pattern consists of three primary clusters: the central
supramolecular activation cluster (cSMAC) with T cell receptor-MHC complexes; the
peripheral supramolecular activation cluster (c/SMAC) rich in intercellular adhesion
molecule 1 (ICAM1)-lymphocyte function-associated antigen 1 (LFAL) clusters; and the
distal supramolecular activation cluster (d1SMAC) enriched in CD43 and CD45 (REFS8485),
The specific spatiotemporal distribution of these cues, which can vary depending on the type
of T cell and APC, leads to T cell activation and expansion through T cell receptor
stimulation, co-stimulation and the expression and secretion of pro-survival cytokines. The
bull’s eye pattern and its dynamic geometry are key parameters for T cell activation and for
the manufacturing of T cells. To better understand immune synapses formed between T cells
and APCs, various 2D platforms can be used to model and modulate the topological pattern
and density of key molecules (FIG. 4c; TABLE 2). Multicomponent materials-based 3D
systems have further been designed to more accurately mimic APCs for T cell activation
(FIG. 4d; TABLE 2).

2D materials to mimic the immune synapse interface.—Several mechanisms in the
activation of T cells remain unclear thus far, including the role of the physical structure of
the immune synapse, which is defined by ligand presence, density and distribution. The sub-
micrometre topological scale and slow rate of immune synapse formation preclude in situ
3D imaging to provide the exact structure between T cells and APCs. Moreover, the inherent
fluidic nature of membrane lipids limits the controllability of cell-based approaches.
Materials-based strategies enable spatiotemporal control of key T cell activating cues,
allowing a quantitative investigation of cell-intrinsic modes of interaction.

Immune synapses can be modelled by mimicking APCs with a planar substrate that presents
an array of antigenic and co-stimulatory signals, which can be fabricated by lithography
(FIG. 4c). For example, silica substrates can be coated with a continuous, fluid lipid bilayer.
Glycolipid-linkages can then be used to functionalize the substrate with antigenic MHCs and
ICAM1, which is a ligand for the integrin LFA1 (REF.86). Geometric constraints for the
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generation of different patterned synapses can then be introduced by varying the
configurations of chromium lines on the silica substrate using electron-beam lithography.
Using 2D APC-mimicking substrates, it could be demonstrated that T cell receptors form an
immune synapse by first engaging MHCs and then clustering into microclusters; the
microclusters are then directly transported across the peripheral regions of the synapse to
form the cSMACB6. Geometric constraints, such as chromium barriers, enable the recreation
of specific distances between the T cell receptor cluster and the centre of the synapse to
study their effect on synapse formation and disassembly and the consequent changes in T
cell receptor signalling and T cell activation. Interestingly, the radial position of T cell
receptors impacts the signalling activity of the receptors, showing prolonged signalling by
receptor microclusters that are mechanically trapped in the peripheral regions of the
synapse®6. This effect can possibly be related to cytoskeletal regulation processes that alter
the spatial organization of membrane proteins and, thus, downstream signalling and T cell
activation. Similarly, the control of geometry and protein density by spatial patterning of 2D
surfaces has also proved efficient in elucidating mechanisms of cell adhesion87-91, for
example, to identify the ECM area threshold for focal adhesion assembly and force
transmission, which is regulated by integrin activation and cytoskeleton tension88:91,
Therefore, this approach can also be potentially applied to the immune cells.

Lithography can also be used to present multiple protein ligands in defined physical patterns
(FIG. 4c). For example, a substrate with a defined array of tethered anti-CD3 antibodies can
mimic T cell receptor activation sites; immobilizing adhesive ICAML1 on the substrate
further enables cell attachment and migration®2. Such arrays can be engineered using a
biotinylated, pH-sensitive photoresist copolymer (methacrylate--poly-ethylene glycol
methacrylate (PNMP)) cast on cationic aminasilane glass substrates. Upon UV exposure, the
photoresist polymer can be dissolved in aqueous buffers, leaving behind a thin biotinylated
layer bound to the cationic substrate. Through repeated steps of photo-masking, UV
exposure, dissolution and conjugation of proteins on the newly exposed biotin, multiple
protein ligands can be presented (FIG. 4c). Such ligand-modified substrates also allow the
temporal monitoring of T cell signalling events, which occur within seconds to hours after
seeding, at the cell population and single-cell level. Using substrates with distinct patterns
and types of ligands, it could be demonstrated that T cell activity is sensitive to spatial
patterns and depends on focal clustering of T cell receptor ligands. Therefore, patterning
approaches can be applied to elucidate the molecular assembly of T cell synapses and effects
of the microscale organization of stimuli.

However, independent control of the geometry of multiple ligands, against a background of
IC AMI, is difficult to achieve using lithography. Independent control is particularly
important to study the impact of the microscale organization of additional T cell co-
stimulatory signals, such as CD28, in relation to cSMAC, on T cell activation. To address
this question, separate patterns of anti-CD3 and anti-CD28 antibodies can be printed on a
substrate by repeated rounds of contact printing using antibody-coated PDMS stamps
moulded from separate topological masters (FIG. 4c). The patterns can then be coated with
ICAML. The antibodies can be printed in a way to mimic the canonical bull’s eye synapse
pattern (FIG. 4b) with a central activating cluster of anti-CD3 antibodies. Anti-CD28 can
either be colocalized with anti-CD3 or printed as peripheral satellite ligands. Peripheral
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presentation of anti-CD28 increases T cell activity and cytokine production, which can be
related to changes in NF-xB translocation and protein kinase B (PKB) signalling®3.
However, microcontact printing suffers from a lack of precise control over the quantity of
transferred protein, and it requires drying of the protein prior to stamping, which can lead to
local heterogeneities of protein density at the microscale®s.

In addition to the organization and presence of bio-molecular cues, microscale and
nanoscale physical and topological patterns have an effect on the mechanosignalling of cells
and, thus, on cell behaviour, morphology, differentiation and activation. Microscale
elastomer pillar patterns can be designed to measure the subcellular distribution of
contraction forces on the basis of the magnitude and direction of pillar deformation91:94.95
(FIG. 4c). At cell-cell interfaces, such as at immune synapses, the mechanical forces created
by cytoskeletal and membrane movements in one cell can induce physical changes in the
adjacent cell, thereby modulating intercellular communication. These mechanical forces are
also present in a synapse formed between a cytotoxic T cell and an infected target cell. The
cytotoxic T cell secretes toxic proteins, such as the membrane pore-forming protein perforin,
causing the infected target cell to undergo apoptosis®. Using a micropillar array that
presents immobilized antigen and ICAML, it could be shown that cytotoxic T cells exert
forces on their target cell, which are dependent on T cell myosin activity6. Partial
knockdown of the myosin heavy chain in T cells results in a consistent, subtle killing defect
without compromising the release of toxic proteins or T cell receptor activation and
signalling. Interestingly, exertion of mechanical forces potentiates cytotoxicity by causing
tension in the infected target cell, which leads to an increase in the pore-forming activity of
perforin. Thus, the mechanical properties of materials can potentially be exploited to alter T
cell activity and differentiation.

3D artificial antigen-presenting cells for T cell activation and expansion.—T
cell expansion rate and function are controlled by interactions with APCs, which stimulate T
cell receptors, express co-stimulatory signals for amplification and secrete pro-survival
cytokines, such as interleukin-2 (IL-2). T cells can be expanded in vitro using commercial
non-degradable microbead systems, such as Dynabeads, which can be functionalized with
CD3 and CD28 ligands and used in combination with exogenous cytokines. The beads are
separated prior to reinfusion, which presents an additional costly cell production step. T cells
produced with beads show a suboptimal expansion rate and functionality owing to the low
number of specific activation signals and the differences in organization and presentation
between the microbeads and natural APCs. This lack of similarity can be addressed by
artificial APCs, which can be engineered using various different materials, including
biodegradable materials®’—29, carbon-based90:101 and silicon-based structures!02 and
magnetic beads%8:99.103 (F|G. 4d).

APCs facilitate synapse formation through T cell receptor clustering and activation by
presenting a high density of antigens. Materials with high surface areas, such as carbon
nanotubes, are particularly suited for functionalization with a high density of antigens. For
example, in a carbon nanotube-poly(lactide-co-glycolide) (PLGA) nanoparticle composite,
defects can be introduced into the nanotubes to enable protein absorption. Neutravidin — a
deglycosylated version of avidin — can then be absorbed onto the surface to conjugate
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biotinylated anti-CD28 and peptide-loaded MHCs to the material. Such biotinylated PLGA
nanoparticles can be used to encapsulate IL-2 and magnetite to trigger paracrine cytokine
signalling and for the magnetic separation of the composite material (that is, carbon
nanotube with PLGA nanoparticle) from the cells1®1 (FIG. 4d). This composite system can
be applied to achieve a higher expansion efficiency of cytotoxic T cells than that of soluble
IL-2, which is currently standard in the clinic, and the expanded, purified T cells can be
injected to reduce tumour growth in a murine melanoma model'9! because CD8" T cells can
kill tumour cells through cell-cell contact®3.

However, carbon nanotube-based materials often contain residues of degraded and
debundled carbon nanotubes, which are difficult to completely separate from T cells and can
cause cytotoxicity at the injection sitel94.195 To provide better biocompatibility,
paramagnetic iron-dextran nanoparticles can be used as artificial nanoscale APCs% (FIG.
4d). Iron-dextran nanoparticles can be injected in vivo, are biocompatible and accumulate
more efficiently in target (tumour) tissues than microparticle-based approaches. The particle
diameters range from 50 nm to 100 nm, which is large enough to cluster T cell receptors
and, therefore, to robustly activate naive T cells. These particles can further be
functionalized with antigen-coupled MHCs to activate antigen-specific T cell receptor
signalling pathways and with anti-CD28 antibodies to provide co-stimulation. The
functionalized nanoparticles can be used to bind antigen-specific cells from a pool of naive
CD8* T cells, which can then be positively selected by using a magnetic column08 (FIG.
4d). Enrichment of antigen-specific T cells provides a proliferative advantage and, thus,
enables expansion with high efficiency Expanded T cells can initiate antitumour responses
by responding to shared tumour antigens that result from overexpression or aberrant
expression of non-mutated proteins. They can also respond to computationally predicted
neoepitopes, highlighting the possibility to customize artificial APCs for patient-specific
mutations16, However, iron-dextran nanoparticles do not allow control of the stoichiometric
and spatial organization of T cell ligands.

Alternatively, yeast cells can be engineered to display cohesion units, which strongly bind
their cognate dockerins. The density, valency and clustering sites of the cohesion units can
be tuned to direct the supramolecular assembly of MHCs and ICAM1, both fused to a
dockerin domain, which binds to its cognate protein cohesinl07 (FIG. 4d). Using this system,
the minimum MHC density required for T cell activation could be determined, which is
greater than the one assessed with 2D systems owing to differences in sustained interfacial
contact. Co-assembly of MHC with adhesive ICAM1 can lead to increased intercellular
contact and, thereby, increase T cell sensitivity to antigens, which depends on the
stoichiometric ratio between adhesive and stimulatory peptides. This increase in sensitivity
can be up to sixfold that of MHC alone and is comparable to 2D substrates. Therefore, the
stoichiometric ratio and the spatial organization of peptides are key factors for the design of
artificial APCs for T cell activation.

Even more efficient T cell activation can be achieved by mimicking the membrane of natural
APCs, in which ligands are mobile and free to clusterl98. For example, an APC-mimetic
scaffold can be designed with a fluid lipid bilayer, which can present T cell stimulatory and
co-stimulatory cues, supported by cytokine-emitting mesoporous silica microrods. 1L-2 is
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first adsorbed on the mesoporous silica, which can then be coated with biotinylated
liposomes functionalized with peptide-bound MHC, anti-CD3 and anti-CD28 antibodies by
using a streptavidin intermediatel02 (FIG. 4d). In culture, the mesoporous rods settle and
randomly stack together, forming 3D scaffolds, which can be infiltrated and remodelled by T
cells. The large size and surface area of the scaffold promote T cell cluster formation. The
size, number and persistence of generated clusters depend on the surface cue density and the
amount of total material. However, owing to the use of a fluid membrane, only a relatively
low number of surface cues is required to initiate T cell receptor clustering, resulting in the
generation of more functional T cells through prevention of T cell overstimulation and
exhaustion199, dysfunctional T cells with hierarchical loss of functional properties and
expression of multiple inhibitory receptors on T cells. Therefore, these artificial APC
scaffolds can be applied to promote increased efficiency of expansion of polyclonal and rare
antigen-specific T cells, as compared with the current clinical standard (CD3 and/or CD28
super-paramagnetic microbeads (Dynabeads)). The scaffold is biodegradable, biocompatible
and cost effective and thus has the potential to expedite the clinical use of T cell therapeutics
and artificial APCs. The modularity of the system further enables spatiotemporal control of
biomolecular cues through tuning of the degradation of the mesoporous silica rods and of
lipid formulation. Additional surface and soluble cues can potentially be incorporated to
further optimize T cell expansion, functionality and phenotype for adoptive cell transfer.

A variety of materials are also being explored for the activation and expansion of T cells in
vivo to overcome challenges associated with adoptive cell transfer, such as T cell reinfusion,
for the treatment of solid tumours. Current reinfusion methods show poor trafficking to the
tumour site, followed by inadequate expansion of T cells in the immunosuppressive tumour
microenvironment!19. Implantable biopolymers'11:112 can be used to increase targeting of
engineered T cells and their antitumour activity For example, degradable alginate
functionalized with collagen-mimetic peptides can be applied for the co-delivery of
therapeutic T cells and T cell-stimulating APC-mimicking lipid-coated porous silica
microparticles (FIG. 4d). The microparticles support high-capacity encapsulation and
sustained release of biomolecules. The lipid coatings further mimic cell membranes. IL-15
can be encapsulated in the porous silica microparticles, which can be surface-functionalized
with CD3, CD28 and CD 137 for T cell stimulation and expansion. The resulting
implantable biopolymer reduces tumour relapse in comparison with injections received
intravenously or directly into the resection bed. The platform also triggers tumour regression
in mouse models'12 with advanced-stage unresectable tumours, in which adoptive T cell
therapies are not effective. Moreover, the biopolymer can be implemented with other
adoptive cell transfer therapies and incorporate supplementary signals, such as checkpoint
inhibitors, to modulate the immunosuppressive environment. This technology holds promise
as an intraoperative tool and showcases how materials can be used to activate and expand T
cells in vivo.

Engineering activated B cells

The B cell activation zone in secondary lymphoid organs provides a niche for B cells to
encounter antigens and differentiate into antibody-secreting cells, such as plasma cells and
memory B cells (FIG. 1a). Antibodies are Y-shaped molecules that specifically bind antigens
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with high affinity to flag them for neutralization, blocking, opsonization, antibody-
dependent cellular cytotoxicity or complement activation13-115 (F|G. 5a).

Monoclonal antibodies are specific for a single epitope and have become one of the fastest
growing therapeutics. By the end of 2017, 57 monoclonal antibodies and 11 biosimilars
were in clinical use for various diseases, including cancer, inflammatory diseases and renal
pathologies, and exceeded $98 billion in sales!16. Monoclonal antibodies are usually
produced using hybridomas — hybrid immortalized antibody-secreting cells generated by
fusion of myeloma cells and antibody-secreting splenocytes, which are isolated from
immunized mice!l’. The need for immunized mice leads to long production times and high
costs and can often result in the production of low-affinity antibodies. Alternatively, in vitro
display technologies, for example, phage display, can be applied to iteratively screen large
combinatorial libraries of antibody sequences to select specific antigen-binding clones.
However, the expression of high-affinity antibodies can negatively affect cell growth, and
thus high-affinity cells are progressively depleted and outcompeted by cells that produce
lower-affinity antibodies!18. Therefore, in vitro platforms for B cell differentiation are being
explored for the production of high-affinity therapeutic antibodies.

Germinal centre.—The specificity and effector function of antibodies are a result of
affinity maturation, including somatic hypermutation of the antigen-binding variable region
and class-switch recombination of the immune cell-binding constant region (FIG. 5a).
Affinity maturation occurs in the germinal centre, which is a transient micro-anatomical
structure that forms in the B cell zone once activated B cells begin to proliferate. The
germinal centre consists of two cellular compartments (the light zone and the dark zone),
which can be clearly distinguished using imaging techniques'13-115 (FIG. 5b). The
prevailing view is that B cells are activated once antigens engage and crosslink a B cell
receptor. The B cell processes the antigen and presents it on MHCs to receive costimulatory
and survival signals from T follicular helper cells and follicular dendritic cells. B cells then
undergo clonal expansion and subsequent somatic hypermutation, during which the
immunoglobulin variable genes are rearranged. In the light zone, mutated B cells then
compete for antigen; B cells with a high affinity for the antigen receive survival signals,
whereas B cells with low-affinity or autoreactive receptors undergo apoptosis!1?. B cells can
also cycle between the dark and the light zone for repeated rounds of somatic hypermutation
and selection to increase the affinity for a specific antigen. Selected B cells then interact
with T follicular helper cells to undergo class-switch recombination of the immune cell-
binding antibody constant region prior to their final differentiation into plasma cells or
memory B cells (FIG. 5b). The efficiency of the germinal centre reaction and therefore
antibody production is also dependent on the support of specialized cells, including
follicular dendritic cells and T follicular helper cells, as well as of the lymphoid
microenvironment. Materials offer the opportunity to provide immune cell support and to
mimic the lymphoid microenvironment for the investigation of the germinal centre reaction
and for the production of antibody-based therapeutics.

Activated B cells are often present in only small numbers, difficult to isolate and prone to
apoptosis without immune cell support. In particular, CD40 ligand (CD40L) presented by T
follicular helper cells is a crucial factor for germinal centre induction, and blocking of the
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CD40L-CD40 interaction inhibits germinal centre formation. Follicular dendritic cells also
present B cell activating factors, and they contain immune complexes!29, which can be
explored to mediate in vitro somatic hypermutation. CD40L and various other B cell
stimulatory signals require membrane-bound (instead of soluble) ligand presentation to be
functional. Therefore, CD40L-presenting stromal cells have been explored for the activation
and/or differentiation of B cells in vitro121-123 (TABLE 2). For example, CD40L-transfected
L cells in combination with cytokines can be used to induce differentiation of B cells with a
human germinal centre phenotype into cells resembling plasma and memory B cells122,
Similarly, fibroblasts can be engineered to present CD40L and secrete B cell activating
factor (BAFF) to improve B cell proliferation, isotype switching and induction of the
germinal centre phenotypel22124 (F|G. 5c).

However, stromal cells are a variable and thus a potential barrier for the reproducible clinical
translation of engineered immune cells and immune cell-derived therapeutics. Replacing
stromal cells with synthetic materials could offer a possibility to study B cell biology in
vitro, to create multiplex screening platforms for immunomodulatory drugs and therapeutics
and for the development of antibodies. For example, a synthetic stroma-free germinal centre
niche (FIG. 5c) can be designed by functionalizing iron oxide microbeads with CD40L and
antigen, which can be used for the production of therapeutic cells and antibodies2>.
However, most of these approaches rely on the phenotypic evaluation of a limited subset of
B cell markers, whereas analysis of transcriptome or somatic hypermutation similarities to in
vivo B cells provides a more detailed assessment of cell productionl24,

Immune organoids mimicking the germinal centre.—Cell-cell interactions have
been the main focus of prior in vitro models of germinal centres!22; however, germinal
centres are also affected by cell-microenvironmental interactions, in particular, cell-ECM
interactions. Therefore, to account for the role of the microenvironment and to create
germinal centres ex vivo, we applied an engineering approach to mimic the lymphoid
microenvironment (FIG. 5d). We first examined protein and gene expression in germinal
centre cells, which were isolated from immunized mice, and analysed the expression of
various integrin receptors on germinal centre B cells12, We then engineered nanocomposite
hydrogels of gelatin, reinforced with polyionic silicate nanoparticles, to encapsulate murine
naive B cells and 40LB stromal cells (which present CD40L and secrete BAFF) in the
presence of cytokines24126.127 |ncorporation of silicate nanoparticles in the hydrogels
allows for the tuning of the stiffness, porosity and architecture of the scaffold to partly
resemble those of native lymphoid tissuel28 and support the functioning of encapsulated
cells. Arg-Gly-Asp (RGD) motifs present in gelatin further mimic integrin-binding sites of
native ECM and thus enable the binding of the scaffold to avp3 integrin on murine germinal
centre B cells. Through imitating the lymphoid microenvironment, these ‘immune organoids
achieve an approximately tenfold increase in the production of germinal centre B cells
compared with 2D cultures and induced antibody class switching.

The organoid system can also be used to investigate the signalling and epigenetic events
crucial to the success of the immune response. For example, the histone methyltransferase
enhancer of zeste homologue 2 (EZH2) controls the exuberant pace of germinal centre B cell
proliferation through repression of cyclin-dependent kinase inhibitor COKN1A124 — a
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signalling pathway that cannot be demonstrated in immunized mouse models because mice
lacking EZH2 do not form germinal centres, and B cells in mice with wild-type or depleted
CDKNZ1A have a heterogeneous cell cycle state owing to their migration in the dark and
light zones of B cell follicles. In immune organoids, this limitation is overcome by
synchronizing the cell cycle state of all germinal centre B cells while recapitulating the
transcriptome, apoptotic signature and somatic hypermutation of B cells of immunized mice.
Remarkably, the germinal centre organoids exhibit a similar germinal centre-like genetic
signature, including epigenetic modifications, to genetically engineered mouse models and
enable the study of EZH2 and transcriptional feedback loops regulating the pace of germinal
centres. Thus, immune organoids provide a powerful tool to investigate epigenetic
modifications of germinal centres. In addition, materials-based organoids can be used to
synchronize the proliferative states of germinal centre cells ex vivo, which is not possible in
vivo owing to the continuous migration of cells across lymph node zones.

To more precisely investigate receptor-ligand interactions in B cell differentiation, we
engineered designer immune organoids using four-arm maleimide-functionalized
polyethylene glycol (PEG-MAL) (FIG. 5d). Naive B and 40LB cells can be encapsulated in
the PEG-MAL organoids, which are conjugated with thiolated adhesive peptides at defined
densities to mimic the ECM in B cell follicles. The peptides were designed to specifically
bind to avB3 or a4p1 integrins, which are highly or differentially expressed on germinal
centre B cells and bind to the ECM proteins vitronectin and VCAML1 on follicular dendritic
cells. Compared with avp3 integrin-specific organoids, a4p1 integrin-specific organoids
result in a greater number of early germinal centre-like B cells in a ligand concentration-
dependent manner128, The lymphoid microenvironment mimics can further be used to study
malignant cancerous B cells (lymphomas)129130, For B cell differentiation and in B cell
malignancies, changes in cell phenotype are triggered by specific integrins, partly owing to
the role of integrins in mechanosignalling128:131-133 Therefore, the use of mechanically
dynamic materials has the potential to decipher the role of the mechanical properties of the
microenvironment in B cell differentiation and disease. Moreover, mechanomodulation of
the B cell receptor could also be implemented in the organoids because the strength of the B
cell receptor-antigen bond can be used for the selection of high-affinity antigen-specific B
cells.

The question remains whether antigen-specific B cells can be made ex vivo. PEG-MAL
germinal centre organoids with encapsulated B cells from immune tissues of a transgenic
B1-8" mutant mouse can be used to produce antigen-specific B cells and antibodies in a
dish131. B1-8" mutant mice have been used because of their restricted antibody repertoire.
The mice possess a variable region of a recombined antibody derived from a 4-hydroxy-3-
nitrophenylacetyl hapten binding antibody (B1-8), and when exposed to hapten, they
produce high-affinity antibodies against 4-hydroxy-3-nitrophenylacetyl hapten. Ex vivo, the
high-affinity, hapten-specific response is achieved by further incorporating a nonspecific cell
elimination process using FAS ligand, which is a T cell signal. In vivo, FAS ligand binding
can induce apoptosis in non-hapten-specific and autoreactive B cells by binding to the death
receptor CD95 (REF.134). However, FAS is not essential for B cell elimination or
inactivation, and alternative approaches such as the incorporation of follicular dendritic cells
and T helper cells in the organoids maybe required to mimic the selection process for
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complex antigens!35. Various PEG-MAL hydrogel parameters, such as hydrogel size, affect
the B cell phenotype in terms of light zone induction3. Upon antigen addition, B cell
receptor crosslinking causes the expression of plasma cell-like hallmark transcription factors
and changes in receptor signalling. Therefore, the combination of materials with specific
properties, T cell signals and antigens enables the selective enrichment of antigen-specific,
high-affinity B cells and secreted antibodies in an integrin-dependent manner31, Immune
organoids are a modular platform that could be applied for the production of antigen-specific
cells and antibody-based therapeutics. However, combination of this technology with
hydrogels, organ-on-chip platforms with chemokine gradients, follicular T helper cells,
stromal cells and lymphatic fluid flow characteristics is needed to promote the affinity
maturation and T cell selection required for the generation of antigen-specific B cells and
antibodies against complex antigens.

Ectopic tertiary lymphoid structures

Secondary lymphoid organs mediate the immune response to antigenic stimuli; however,
non-resolving inflammation leads to the formation of tertiary lymphoid structures, which
organize the response to disease-causing antigens. These structures are ectopic aggregates of
immune cells that assemble postnatally in the periphery of, within or near the antigen-
hosting tissue36. Tertiary lymphoid tissues are structurally similar to secondary lymphoid
organs, for example, they may contain segregated B and T cell zones, follicular dendritic
cells networks and high endothelial venules, but they are less ordered and can contain
different cell types36-138 such as pro-inflammatory macrophages and T helper 17 (T17)
cells136:139 B and T cells also show chronic hyperactivation. As in primary and secondary
lymphoid organs, the spatiotemporal regulation of biochemical and biophysical factors
within the microenvironment plays a key role in tertiary lymphoid organogenesis36-138,

Tertiary lymphoid structures have been detected in tissues affected by autoimmune
disease139140 cancerl4! and infection142 and during allograft and implant rejection143.144
and other inflammatory conditions4%; however, it is not yet clear whether they have
protective or detrimental effects on disease progression because their often transient nature
makes their characterization challenging®3®. Different disease conditions can vary widely in
their capacity to induce tertiary lymphoid structures. Evidence suggests that tertiary
lymphoid structures can function as immune inductive sites for protective immunity in
infectious diseases and contribute to pathology in autoimmunity and cancers146:147 Qwing
to the complexity, heterogeneity and undefined nature of these ectopic lymph node-like
structures and limited in vivo models2, engineered models of tertiary lymphoid organs are
required to not only delineate their immunological functions but also inform the design of
immunotherapies.

Ectopic transplantable bone marrow niches can be engineered by fabricating p-tricalcium
phosphate (B-TCP) scaffolds with controlled, interconnected porous geometries using slip
casting. Collagen type I and 111 or Matrigel can then be incorporated to recreate the bone
marrow ECM148, Co-culture of HSCs, progenitor cells and MSCs on the B-TCP-matrix
scaffolds and subsequent subcutaneous transplantation in C57BI/6 mice support ectopic
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haematopoiesis and bone deposition, enabling the study of haematopoietic-mesenchymal
interactions.

Cell-free artificial tertiary lymphoid structures can be generated to eliminate the use of
genetically engineered stromal cells and to produce transplantable tissues that are more
clinically translatable than tissues containing virally transduced cells. For example,
lymphoid organogenesis-stimulating factors can be loaded into slow-releasing Medgel
beads, which can then be trapped in a collagen spongel4?. Three weeks after transplantation
of the sponge into the renal subcapsular space of pre-immunized BALB/c mice, artificial
tertiary lymphoid organs are formed. The lymphoid structures display organized B and T
cell zones, a functional vasculature and fibroblastic reticular cell and follicular dendritic cell
networks characteristic of native ectopic lymphoid tissue. Importantly, excising and re-
transplanting the artificial lymphoid tissue into immune-deficient mice lacking the normal
haematopoietic microenvironment lead to an increase in the production of antigen-specific
high-affinity antibody-forming cells 1 week after immunization14°.

Alternatively, to target the immune response in vivo, a macroporous PLGA matrix can be
functionalized with granulocyte-macrophage colony-stimulating factor (GM-CSF), which is
a potent stimulator of dendritic cell recruitment, danger signals, such as CpG oligodeox-
ynucleotide (CpG-ODN) sequences, which are uniquely expressed in bacterial DNA, and
tumour-derived antigens'®0. Upon subcutaneous implantation of the matrix in mice,
dendritic cells are recruited and reprogrammed in situ at the implant site, which triggers an
increase in dendritic cell homing to the lymph nodes, resulting in 90% animal survival in
mice that would otherwise die from cancer in less than 25 days!®0. This approach
demonstrates that functionalized materials can be used to target immune cells to ectopic sites
of immune activation. Similarly, in situ crosslinkable hydrogels carrying chemokines and
microparticle vaccines can be used as a depot for the recruitment and priming of immune
cells at ectopic sites, such as muscles. Such hydrogel-based approaches for delivering factors
that attract immature dendritic cells and that drive T cell responses towards tumour-
suppressive activation states in lymphomal®! provide a tool for the development of vaccines
against cancer and infectious diseases.

The potential of 4D materials

3D systems can recreate certain structural and functional aspects of immune tissues and have
advanced our understanding of immune processes. However, static 3D materials are limited
by irreversible immune reactions and intercellular signalling events. By contrast, native
lymphoid organs are dynamic and respond to changes in the biochemical, physicochemical
and biophysical properties of the microenvironment. Therefore, 4D systems that change with
space and/or time and thus allow the tissue to dynamically respond to microenvironmental
changes offer more accurate physiological models to precisely mimic and recreate lymphoid
structures. An artificial system should address several features of the native tissue: secretion
of proteins and signalling molecules in the ECM; migration and localization of cells in the
ECM; temporal and spatial control of cellular events; and mechanical and biological changes
of microenvironments over time. To address these challenges, dynamic matrix systems need
to be engineered that enable spatiotemporal control over cell adhesion, migration,
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biomolecule distribution and mechanical properties. For example, stimuli-responsive
materials allow modulation of the microenvironment and of biological cues. Similarly, cells
can be used as material building blocks (FIGS 6,7).

Stimuli-responsive materials

Cell-cell and cell-environment interactions regulate the differentiation, adhesion, migration
and activation of B and T cells. Similarly, interactions between chemokines, which are
expressed on the surfaces of osteoblasts1®2 and perivascular endothelial cells®3 in the bone
marrow, and their cognate receptors on the surfaces of HSCs are crucial for recruitment,
retention and maintenance of HSCs.

Temperature-responsive materials.—Dynamic interactions in heterogeneous HSC
niches can be modelled using temperature-responsive systems, such as poly(A\-
isopropylacrylamide) (PNIPAM), which has been applied for the regeneration of various
tissues, including the cornea, oesophageal epithelia, myocardium and liver>4. Owing to
intrinsic changes in surface hydrophilicity and hydrophabicity, resulting from the energy of
conformational transformation, PNIPAM undergoes sol-gel transitions at varying
temperatures. Thus, this material exhibits compact chain conformations at physiological
temperature and loose confirmations at room temperature. By grafting PNIPAM on cell
culture surfaces with set geometries, the sol-gel transition of this material can be exploited to
detach cell monolayers of defined topographies while preserving cell membranes and cell-
cell adhesions to generate cell sheets for tissue-engineered organs'®* (FIG. 6a).

The same approach can be used to pattern different bone marrow HSC niches on multiple
PDMS substrates (FIG. 6a). In contrast to conventional or encapsulation-based co-cultures,
interactions between the niches and cell populations can then be temporally controlled
through reversibly adding or removing cell monolayers by changing the temperature as well
as by the use of multiple substrates. Similarly, B and T cell layers could be fabricated for
investigating synapse formation.

Photo-responsive materials.—Stimuli-responsive systems can also be used to generate
germinal centres in a stepwise manner to investigate B cell activation. The cycling of B cells
through the dark and light zones of the germinal centre is driven by ON-OFF cyclic
interactions with the microenvironment and other cells. The spatiotemporal presentation of
these signals can be controlled in vitro using photo-responsive systems, which enable
irreversible uncaging (FIG. 6b). Photo-assisted dynamic systems provide cell culture
platforms for the spatiotemporal control over cell-surface interactions'>®. Moreover,
multiple biochemical cues can be incorporated within the same network by applying photo-
coupling reactions®5-157 and by using ligand-switchable crosslinkers. The extent of
patterning is then controlled by regulating light intensity and exposure time. Therefore,
photo-responsive systems can be tailored to uncage different signals at user-controlled times
to present antigens, modulate B cell cycling and control selection within the germinal centre.

Magnetoresponsive materials.—Magnetoresponsive materials can be used to shed light
on T cell formation, differentiation and activation. For example, magnetic particles can be
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incorporated into alginate microbeads, making the beads responsive to magnetic fields. This
property can be explored to control cell migration in T cell development by magnetotaxis
resembling chemo-taxis of cells18. The hydrogel-based magnetic microbeads can be loaded
with cytokines (for example, I1L-2), which act as stimulators of T cell proliferation, therefore
enabling proliferation, activation and cell migration using one system.

Magnetic beads could also be coated with antibodies targeting CD3 or with MHCs and self-
antigen. Additional functionalization with a Forster resonance energy transfer (FRET) pair
then allows the assessment of T cell separation (FIG. 6¢). Application or withdrawal of a
magnetic field can then be used to control separation of T cell-bound beads and serve as a
checkpoint for the auto-reactivity of manufactured T cells based on the relationship between
fluorescence, bond strength and the applied magnetic field (FIG. 6c).

Electroresponsive materials.—Specific T cell populations can be manufactured in a
controlled fashion using gene editing technologies, such as CRISPR159.160 gng
microRNA16L, The CRISPR-Cas9 technology can be applied to activate transcription factors
associated with specific T cell subsets. For example, the T-box transcription factor TBX21
and the transcription factor GATA3 can be delivered to drive Tyl cell and T2 cell
responses, respectively. CRISPR-based manipulation of T cells could also prioritize new
targets for therapeutic discoveries; however, large-scale CRISPR screens in primary human
immune cells remain challenging15%. Nanomaterials coupled with electroresponsive
platforms, such as carbon nanotubes embedded in gelatin-based hydrogels!62 or alginate
hydrogels loaded with conductive gold nanowires63, can be used for electroporation and
temporal control of RNA delivery161 (FIG. 7a). For example, an electric field applied to a
microfluidic device channel can create a potential difference within the hydrogel and induce
electroporation of cells that deliver genetic material61,

pH-responsive materials.—pH-responsive systems can be applied to increase the yield
of immune cell manufacturing, for example, T cell manufacturing. Rapid proliferation of
immune cells can be achieved by changing the pH of the culture medium?64; for example, ex
vivo, T cells proliferate more at pH 7.0-7.2 than at pH 7.4. pH also regulates the kinetics of
IL-2 receptor expression on T cells1®>. T cells proliferate rapidly in vitro, and thus changes
in the pH of the cell culture medium can be used to reduce T cell proliferation and
functionality. pH-sensitive systems can respond to changes in pH with the release of growth
factors, nutrients and buffers, which causes more T cell proliferation, creating a positive
feedback loop to increase the yield of engineered immune cells for cell therapy. pH-sensitive
systems can also be explored for the treatment of malignant immune cells and tumours. A
decrease in pH is among the most important characteristics of the microenvironment of
growing tumours, and it affects ECM remodelling in vivo. Thus, subtle pH changes in
growing tumours can be used as a trigger for pH-sensitive systems, for example, to release
pH-sensitive caged peptides (FIG. 7b). Changes in the pH cause inert protective groups to be
cleaved, activating effector ligands that can bind to cancer cells and induce apoptosis.

Multi-responsive materials.—Coupling multiple stimuli-responsive strategies allows the

control of both migration and compartmentalization of cells. For example, stimuli-
responsive porogens of gelatin, alginate and hyaluronic acid can be used to design dynamic
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hydrogels with tuneable macroporosity66. The hydrogels can be combined in a scaffold, in
which macropore formation can be controlled by temperature, chelating or enzymatic
digestion. Similarly, structures resembling secondary lymphoid tissues can be designed in
vitro and implanted subcutaneously to create artificial tertiary lymphoid organs.

Engineered scaffolds with multi-responsive controllable features can serve as powerful in
vitro models to examine cell responses to the dynamic milieu often found in healthy and
pathological tissues. Smart materials in combination with integrated fluidics can be applied
to capture the dynamic signalling events of immune tissues and cells at the molecular level
and to precisely mimic the micro structure of lymphoid organs. Therefore, we developed a
lymphoid-on-chip that mimics the lymphatics-like fluid flow characteristics of the
subcapsular sinus of lymph nodes. This technology enables the investigation of B cell
receptor crosstalk with integrins in malignant B cells133. The B cell receptor expression
pattern on malignant B cells cultured on the chip is comparable to that of tumour xenografts
of immunocompromised mice, highlighting the power of dynamic, immune-engineered ex
Vivo systems.

Cells as materials

Synthetic biology can be applied to engineer cells with levels of functionality higher than the
ones observed in nature. The implementation of gene circuits in cells enables precise control
of the initiation, interruption or termination of gene expression at the DNA, RNA and
protein levels. The circuits can be multiplexed and spatiotempo-rally controlled by several
stimuli, including light and small molecules. Synthetic cells can be made even more
complex by implementing elements that endow the circuits with memory, enabling cells to
remember previous inputs. Such gene circuits can also be created in immune cells, for
example, to create CAR T cells167-169 (FIG. 7c).

By applying synthetic biology, cells can be designed to be their own time-dependent and
context-dependent responsive material, which can serve as a building block for the
generation of complex biological constructs. Many immune processes are sequential and
depend on interactions with other cells. Therefore, synthetic biology could be used for the
multiscale engineering of immune cells to coordinate their formation, activation and
response. For example, a target cell could be engineered to respond to recruitment and action
signals from other cells. The cells would secrete a recruitment signal, for example, a
chemokine, at a certain time to initiate interaction with the target cell and then supply an
action signal to trigger changes in the same cell, for example, proliferation, differentiation or
protein secretion. Interacting cells can further be designed to respond to cues in the
environment to enable autonomous control or to exogenous small molecules to allow user-
based control (FIG. 7c). The sequential additive changes in the target cell resemble assembly
line manufacturing approaches used to create multifaceted products. The combination of 4D
materials with genetically engineered cells has the potential to implement user-control in
immune tissue engineering to study immune cell formation, activation and response.
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Conclusion

The complex 3D microenvironment of lymphoid organs plays a fundamental role in
regulating immunity. Various 2D and 3D models have provided important insight into
lymphocyte development and activation. However, the highly organized, adaptable nature of
these tissues can be fully recreated through only the use of dynamic systems. Artificial 4D
microenvironments offer a powerful tool for the development of better clinical models with
precise and modular control to address unmet clinical needs. In combination with scalable
technologies, such as 3D printing or computational modelling, 4D systems can serve as
models for the investigation and development of immunotherapies for autoimmunity,
infection, cancer and other chronic inflammatory diseases. However, many challenges
remain to be overcome. In particular, the implementation of reversibility will be required to
enable dynamic exchange between materials and cells, mimicking in vivo tissues and
processes. By introducing futuristic material design principles and mass production
technologies, ex vivo generation of immune cells and tissues will become a key player in the
development of immunotherapies for incurable diseases.
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Box 1 |
Haematopoiesis and immune cell types

Haematopoiesis occurs in the blood marrow and is the process by which all blood cells
are formed by differentiation of haematopoietic stem cells (HSCs)28. In the bone marrow
microenvironment (niche), HSCs can self-renew and differentiate into myeloid or
lymphoid progenitor cells. Myeloid cells further differentiate into granulocytes —
neutrophils, eosinophils and basophils — and into monocytes, which differentiate into
macrophages. Macrophages are phagocytes and they form the backbone of innate
immunity, which is the first yet unspecific response of the body to infections. Lymphoid
progenitor cells differentiate into dendritic cells, which are antigen-presenting cells, and
into lymphocytes — T cells, B cells and natural killer (NK) cells. Lymphocytes are the
main mediators of adaptive immunity and respond to infection in an antigen-specific
manner. Lymphocytes are also the main targets of immunotherapeutics. T cells mature in
the thymus and can be subdivided into CD8" cytotoxic T cells, which kill virally infected
cells and tumours and express CD8 on their surface, and CD4* helper T cells, which
express CD4 on their surface, secrete cytokines and prime B cells. B cells mature in the
bone marrow and can then differentiate into antibody-secreting plasma cells and memory
B cells in secondary lymphoid organs. Once formed, plasma cells are immediately active
to produce antibodies against pathogens. Memory B cells are long-living antigen-specific
cells that can initiate a fast response against future infections. The lifespan of plasma
cells can reach years in mice and decades to a lifetime in humans.
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Fig. 1|. Thedifferent levels of theimmune response.
a| B and T cells originate in lymphoid organs and reside in the lymphatic system. During an

immune response, Band T cells are first generated in primary lymphoid organs — the bone
marrow and thymus — from haematopoietic stem cells (HSCs) and lymphoid progenitors. B
and T cells then migrate to secondary lymphoid organs, such as the lymph node, where they
localize in specific T cell and B cell zones. In these zones, each cell is activated by intact
antigens or processed antigens presented on antigen-presenting cells (APCs), followed by
differentiation into effector cells. B effector cells, such as plasma cells, and T effector cells,
such as cytotoxic T cells, then migrate to sites of infection, including sites created by
vaccine delivery. APCs, such as dendritic cells, encounter antigen at the infection site and
present it to naive B and T cells in the lymph node for stronger and sustained responses.
During disease, the normal immune response can be deregulated, leading to the formation of
ectopic tertiary immune organs, which are structured immune aggregates often found near
tumours. b | The immune response is regulated at the cell, tissue and organ levels. Efficient
immune cell effector function is crucial for the targeting and killing of infected cells or
tumour cells. Interactions between T cells and APCs (that is, the formation of immune
synapses) play key roles in immune cell activation. Maturation of immune cells occurs in
bone marrow niches and in the thymus. Engineering approaches are needed to recapture
functionality at each biological scale. The dependency on material incorporation increases
with the complexity of the immune function. MHC, major histocompatibility complex; TCR,
T cell receptor.
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b Engineering bone marrow for HSC expansion
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a | Transplantation of haematopoietic stem cells (HSCs) is one of the most widely used cell
therapies. Donor HSCs are collected from bone marrow or blood, purified and transferred to
a conditioned recipient, b | Bone marrow comprises distinct HSC niches, including the
endosteum and vascular niches, with distinct molecular and cellular compositions. Niche-
specific factors drive HSC fate. HSC niches can be designed by engineering a specific
extracellular matrix (ECM) and by modelling cell-cell interactions. The vascular niche can
be engineered for platelet production, and entire bone marrow tissue can be obtained by
implanting materials in animal models to trigger bone marrow formation. These tissues can
then be explanted and maintained in a bioreactor for continuous HSC expansion.
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Fig. 3|. Engineering thymustissue.

a | Thymic dysfunction leads to thymic involution, causing a decrease in the production of T
cells, b | A schematic of thymic structure is presented, showing key cell types and
microenvironmental cues, including thymic epithelial cells (TECs), haematopoietic stem
cells (HSCs), thymocytes (that is, lymphocytes in the thymus), cortical epithelial cells and
Notch ligands (delta-like ligand 4 (DLL4)). Negative and positive selection processes, as
determined by the reactivity of thymocytes to self-peptides on the major histocompatibility
complexes (MHCs) of cortical epithelial cells, are required to establish a diverse set of
MHC-restricted yet self-tolerant mature T cells, ¢ | Progenitor cells can be differentiated into
T cells using different strategies: Notch signalling can be activated by co-culturing HSCs
and bone marrow stromal cells (OP9), which are genetically engineered to present the Notch
ligand DLL1. Magnetic polystyrene beads can be functionalized with DLL4 at a specific
density and orientation. A stromal cell-free thymic niche can be designed by culturing HSCs
with both DLL1 and vascular cell adhesion protein 1 (VCAML). d | Organoid cultures can
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be engineered by aggregating and centrifuging HSCs and MS5-hDLL1 cells — a genetically
engineered bone marrow stromal cell line expressing human DLL1 (hDLL1). Decellularized
extracellular matrices (ECMSs) can be used to culture TECs and HSCs. Self-assembling
hydrogels based on amphiphilic peptides can be applied to encapsulate HSCs and TECs,
enabling precise control of the microenvironment. Anti-histidine (His) and TEC-specific
anti-epithelial cell adhesion molecule (EpCAM) antibodies can be bound to protein A/G
adaptor complexes to promote binding to histidinylated amphiphilic peptides and for 3D
aggregation of TECs, respectively. TCR, T cell receptor.
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Fig. 4|. Engineering activated T cells.
a | For adoptive T cell transfer, T cell receptors (TCRs) can be modified ex vivo to make

them specific for disease-causing cells by incubation with disease-causing cells (through an
interaction between TCR and antigen bound to a major histocompatibility complex (MHC))
or by inducing expression of a chimeric antigen receptor (CAR), which includes a specified
antigen-binding domain directly linked to downstream signalling domains, b | The immune
synapse between a T cell and an antigen-presenting cell (APC) has a bull’s eye pattern, with
a central supramolecular activation cluster (cSMAC), a peripheral SMAC (pSMAC) and a
distal SMAC (dSMAC). This structure can be mimicked using 2D substrates, ¢ | 2D
approaches, such as lithography, contact printing and polymer pillar arrays, can be applied to
study immune synapse organization and mechanosignalling pathways. In lithography, a
biotinylated photoresist that dissolves in aqueous buffers upon UV exposure enables control
of protein presentation through iterative UV exposure, dissolution and conjugation steps.
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Microcontact printing can be used to functionalize a substrate with multiple ligands by
applying repeated rounds of contact between several coated polydimethylsiloxane (PDMS)
stamps and the substrate. Micropillar arrays modified with anti-T cell ligands can be applied
to measure mechanical forces during T cell activation on the basis of the dimension,
composition and deflection of the pillars, d | 3D approaches can be applied to develop
artificial APCs for T cell activation and expansion. Carbon nanotubes can be functionalized
with neutravidin, which is bound to biotinylated anti-CD28 antibodies, MHC class | and
poly(lactide-co-glycolide) (PLGA) nanoparticles encapsulating interleukin-2 (IL-2).
Paramagnetic iron-dextran nanoparticles can be functionalized with anti-CD28 and MHC to
select and expand specific T cells. Mesoporous silica microrods can be functionalized with
IL-2 and coated with biotinylated liposomes bound to peptide-bound MHC, anti-CD3 and
anti-CD28 to design a modular APC-mimetic scaffold, for example, for CAR T cell
expansion. Yeast cells can be engineered to display cohesion domains that bind to dockerin-
fused proteins for the design of protein scaffolds. The yeast-based scaffolds can be used to
control the stoichiometric and spatial organization of T cell ligands. APC-mimicking and T
cell-stimulating microparticles can be incorporated into implantable and degradable
biomaterials to deliver T cell therapies to the tumour microenvironment. CNT, carbon
nanotube; DSPE-PEG, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-A-
(amino(polyethylene glycol)); ICAM1, intercellular adhesion molecule 1; LFA1,
lymphocyte function-associated antigen 1; pMHC, peptide-MHC.
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Fig. 5|. Engineering the germinal centre.

a | Antibodies contain a variable region that binds antigens and a constant region that binds
immune cells, which leads to specific cell responses: neutralization, receptor blocking,
opsonization, antibody-dependent cellular cytotoxicity (ADCC) and complement activation.
ADCC can be carried by out several immune effector cells, including natural killer (NK)
cells. Complement activation can either mark an antigen for opsonization or lead to
complement-mediated cytotoxicity (CMC), which causes cell lysis through the formation of
a membrane attack complex (MAC), b | In the germinal centre, antigen-specific plasma
cells, memory B cells and antibodies are produced. B cells are activated once an antigen
crosslinks a B cell receptor (BCR), which leads to antigen processing and major
histocompatibility complex (MHC) presentation. Moreover, the centre becomes
compartmentalized into two zones (dark and light zones). After receiving co-stimulatory
signals, such as CD40 ligand (CD40L) from T follicular helper (Tgp) cells, which binds to
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the CD40 receptor on the B cell surface, B cells in the dark zone undergo clonal expansion
followed by somatic hypermutation of the antigen-binding antibody variable region. In the
light zone, B cells presenting high-affinity BCRs for the antigen are selected to survive and
undergo class-switch recombination of the antibody constant region to define the
downstream immune response. The germinal centre reaction is completed by terminal
differentiation of B cells into antigen-specific antibody-secreting cells, such as plasma cells
or memory B cells, ¢ | 2D approaches can be applied for immune cell support. Engineered
stromal cells (40LB cells) or iron oxide magnetic microbeads presenting both CD40L and
antigen can be used to bind naive B cells, d | The lymphoid microenvironment can be
modelled using 3D hydrogels to recreate the events during high-affinity antibody generation.
Gelatin can be reinforced using 2D nanosilicates to form a hydrogel for the creation of
germinal centre organoids ex vivo. Alternatively, a polyethylene glycol (PEG)-maleimide
hydrogel can be functionalized with protein or peptide ligands to trigger an antigen-specific
immune response. FDC, follicular dendritic cell; TCR, T cell receptor.
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Fig. 6 |. Temperature-responsive, photo-responsive and magnetor esponsive 4D materials.
a | Temperature-responsive polymers with a defined sol-gel transition can be used to create

patterned cell sheet layers, which can be temporally activated. 0, a, b and ¢ represent
different time points and t represents time, b | Light-responsive materials can be applied to
produce spatially and temporally controlled peptide patterns based on the location of
switchable crosslinkers and irradiation. Controlling the intensity, exposure time and location
of irradiation enables the engineering of a material with defined zones, ¢ | Magnetic beads
can be conjugated to cell-specific antibodies to trigger cell migration and isolation upon
application of a magnetic field. Magnetic beads can also be functionalized with a major
histocompatibility complex (MHC) or anti-CD3 antibody to bind to the T cell receptor
(TCR) or CD3 receptor on a single T cell. The distance of these beads can be quantitatively
measured by Forster resonance energy transfer (FRET). Upon application of a magnetic
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field, the fluorescence intensity can be related to the strength of the TCR-MHC bond to
identify autoreactive T cells.
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Fig. 7|. Electroresponsive, pH-responsive and cellular 4D materials.
a | Electroresponsive porous materials provide a conductive platform to facilitate

electroporation of cells at specified time points for the intake of biomolecules. The
conductive matrix can also include a channel for cell input and be attached to an electrode to
sense changes in conduction. Upon changes in conduction, drugs or genetic material can be
released into electroporated cells, leading to cellular transformation, b | pH-responsive
materials can include latent caged peptides, which can be sequentially activated by subtle
changes in pH provided by the user or the environment to induce a specific biological effect.
pH-responsive materials can further be applied to activate antitumour moieties for cancer
cell apoptosis. c | Cells can be genetically engineered by introducing circuits that can sense
particular inputs and result in corresponding outputs. To mimic the sequential processes of
immune cell formation, activation and response, a target immune cell can be engineered to
respond to a number of activating signals and recruitment signals from interacting cells. The
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interacting cells then respond to the environment or user-based cues. The target cell is
modified at each step, leading to new functionalities.
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