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A wide variety of cell surface receptors found on immune cells are essential to the body’s immunological defense
mechanisms. Cell surface receptors enable immune cells to sense extracellular stimuli and identify pathogens,
transmitting activating or inhibitory signals that regulate the immune cell state and coordinate immunological
responses. These receptors can dynamically aggregate or disperse due to the fluidity of the cell membrane,
particularly during interactions between cells or between cells and pathogens. At the contact surface, cell surface
receptors form microclusters, facilitating the recruitment and amplification of downstream signals. The strength of
the immune signal is influenced by both the quantity and the specific types of participating receptors. Generally,
receptor cross-linking, meaning multivalent ligation of receptors on one cell, leads to greater interface connectivity
and more robust signaling. However, intercellular interactions are often spatially restricted by other cellular
structures. Therefore, it is essential to comprehend these receptors’ features for developing effective
immunoengineering approaches. Biomaterials can stimulate and simulate interactions between immune cells and
their targets. Biomaterials can activate immune cells to act against pathogenic organisms or cancer cells, thereby
offering a valuable immunoengineering toolset for vaccination and immunotherapy. In this review, we systematically
summarize biomaterial-based immunoengineering strategies that consider the biology of diverse immune cell
surface receptors and the structural attributes of pathogens. By combining this knowledge, we aim to advance the
development of rational and effective approaches for immune modulation and therapeutic interventions.
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INTRODUCTION

Malignant tumors typically lead to damage to immune
function.1 Tumor cells employ diverse mechanisms, such as
immune checkpoints and immunosuppressive metabolites,
to disrupt the function of antitumor immune effector cells.2

The restoration and strengthening of immune cell functions
are crucial for effectively treating cancer. Over time,
a multitude of immunotherapy strategies have been
established to regain immunological functions, with
some successfully applied in clinical practice. Immune
checkpoint inhibitors [e.g., programmed cell death protein
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1/programmed death-ligand 1 (PD-1/PD-L1) and cytotoxic
T-lymphocyte-associated antigen 4 (CTLA-4)] and chimeric
antigen receptor (CAR)-T-cell therapies have made signifi-
cant progress in extending cancer patients’ lives.3 Despite
these achievements, there are still noteworthy limitations
that hinder the effectiveness of these strategies. In partic-
ular, CAR-T interventions primarily target hematological
cancers and have limited efficacy against solid tumors. Im-
mune checkpoint therapy is mainly used for patients with
advanced-stage cancers and benefits only a minority of in-
dividuals.4 It is still a highly unmet need to understand how
to make immunotherapy more effective in non-responsive
patients.

An increase in immunoengineering techniques has been
brought on by developments in materials science.5 For
instance, the problem of poor CAR-T-cell homing into solid
tumors can be efficiently solved by transplanting a three-
dimensional (3D) scaffold embedded with high-density
CAR-T cells into lesions.6 Furthermore, nanoparticles
coated with checkpoint inhibitors and co-stimulatory
https://doi.org/10.1016/j.iotech.2023.100695 1
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Figure 1. Cross-linking of cell surface receptors induces activation of various immune cells. (A) Artificial antigen-presenting cells cross-link TCR and CD28 to achieve
T-cell activation. (B) Virus-like particles facilitate the cross-linking of BCR and CD40, thereby instigating the activation of B cells. (C) DCs are activated through the cross-
linking of pattern recognition receptors, including TLR4, Dectin-2, and DEC-205, by multivalent glycans, which form nano-pathogen-associated molecular pattern. (D)
Macrophages exhibit enhanced phagocytosis when FcgRs are cross-linked, while the cross-linking of SIRPa inhibits phagocytic activity. (E) CD16 cross-linking activates
NK cells for antibody-dependent cellular cytotoxicity. BCR, B-cell receptor; DC, dendritic cell; FcgR, Fcg receptor; NK, natural killer; SIRPa, signal regulatory protein a;
TCR, T-cell receptor; TLR, Toll-like receptor.
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molecules achieved spatiotemporal activation of CD8þ T
cells while minimizing side effects.7 The in vivo activation
process of immune cells has inspired innovative strategies
for immune cell activation. Within the germinal center, B
cells engage with follicular dendritic cells (FDCs) to seize
antigens using their B-cell receptors (BCRs). The subsequent
step entails engaging with T-helper cells to evaluate and
preserve the B cells harboring high-affinity BCRs. This pro-
cess can be mimicked using liposome-based synthetic
germinal centers, inducing germinal center-like B cells and
efficient antibody class switching.8 To initiate T-cell activa-
tion, artificial antigen-presenting cells (aAPCs) can accu-
rately replicate the dynamic interplay observed between
natural antigen-presenting cells (APCs) and T cells.9,10

Nanoscale aAPCs can build up in draining lymph nodes
and effectively activate antigen-specific T lymphocytes.
Moreover, nanoparticles functionalized with anti-CD47
antibodies or Fc receptor (FcR) ligands can balance non-
specific phagocytosis and target cell phagocytosis by
macrophages.11,12 Certain material characteristics have
facilitated receptor cross-linking and immune cell activation.
For instance, polymers can mimic polysaccharide structures
and facilitate multivalent interactions between antigens and
receptors.11 By mimicking the molecular composition and
size of viruses, virus-like particles (VLPs) can effectively elicit
immune responses.13 Additionally, the stiffness of hydrogels
can be adjusted to investigate the transmission of
mechanical signals in B cells, thereby enhancing B-cell
activation.14 By combining surface-functionalized nano-
particles with drug-embedded nanoparticles, immune cells
can be simultaneously targeted via both intracellular and
2 https://doi.org/10.1016/j.iotech.2023.100695
extracellular receptors, leading to effective immune prim-
ing.15,16 Hence, a comprehensive understanding of immune
cell activation and the rational design of activation strategy
is crucial to achieve effective immune activation.

In this review, we outline immunoengineering concepts
based on biomaterials, specifically considering the unique
characteristics of immune cell surface receptors. As delin-
eated in Figure 1, these strategies predominantly center
around the concept of biomaterial-mediated receptor cross-
linking, which sets in motion a series of signaling events and
regulatory processes within immune cells. Such interactions
are mainly mediated by biomaterials with surface func-
tionalizations. These biomaterials facilitate the cross-linking
of cell surface receptors and foster multivalent interactions
with antibodies, small-molecule antigens, or peptides,
thereby maximizing the immune cell activation response.

T-CELL SURFACE RECEPTORS

T cells, pivotal components of the immune system, depend
on a variety of surface receptors to modulate their activa-
tion. Among these receptors, the most prominent types are
T-cell receptors (TCRs), co-stimulatory receptors, and im-
mune checkpoint receptors. TCRs serve the vital function of
recognizing antigens and initiating the first step in T-cell
activation. Co-stimulatory receptors serve the function of
diminishing T-cell activation thresholds, thus enabling the
continuous transmission of activation signals. Conversely,
immune checkpoint receptors act as safeguards to prevent
excessive T-cell activation that may pose a risk to healthy
cells. The coordinated interplay of these receptors ensures
the maintenance of appropriate levels of T-cell activation.
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T-cell priming by APCs plays an indispensable role in
antitumor immunity. T cells are activated with multiple
stimulation signals, including antigen-TCR engagement, co-
stimulation signaling, and cytokine ligation with receptors.
These signals are provided by APCs during immune re-
actions, but the efficiency can be quite low. Biomaterials-
based aAPCs can mimic the surface receptors of APCs to
interact with T cells with optimized singling intensity.
Therefore, aAPCs represent a promising alternative to
naturally occurring APCs in the body (Figure 1A).
TCR

The TCR is the primary receptor that activates T lympho-
cytes by recognizing the major histocompatibility complex
(MHC)-antigen complex (pMHC) presented by APCs.17

However, the specific mechanisms by which TCRepMHC
complexes initiate T-cell activation remain incompletely
understood. A seminal cryo-electron microscopy (EM) study
of a completely constructed TCR-pMHC revealed that there
were no significant alterations in the spatial structure of the
receptor upon antigen binding.18 Intriguingly, TCRs are
capable of spontaneously transitioning from an inactive to
an active state, even without the presence of antigens.19

Notably, the primed TCRs that detach from cholesterol
can activate T cells independently of antigen binding. This
highlights the crucial role of cholesterol in binding to and
stabilizing inactive TCRs, thereby influencing the processes
of T-cell activation.19 Recent evidence suggests that TCR
may also function as a mechanosensor, enabling the
detection of mechanical force changes at the T celleAPC
interface.17,20,21 Co-culturing T cells and aAPCs under
shaking conditions has been reported to greatly increase T-
cell activation.22 The immunoreceptor tyrosine activation
motif (ITAM) is found on CD3, a molecule that the TCR in-
teracts with non-covalently to stabilize its structure and
facilitate the transmission of activation signals. T-cell acti-
vation signal transduction can be stimulated or inhibited by
antibodies that target CD3. When the TCR and pMHC
interact, a conformational shift in CD3 causes the recruit-
ment of CD4 or CD8, which in turn stabilizes the connection
between MHC II or MHC I and TCR complexes, respectively.
Lymphocyte-specific protein tyrosine kinase (LCK), located
at the tail of CD4 or CD8, phosphorylates ITAM, subse-
quently facilitating the recruitment and phosphorylation of
zeta-chain-associated protein kinase 70 (ZAP70) by LCK.17

ZAP70 further phosphorylates linker for activation of T
cells (LAT) in lipid rafts, promoting the formation of LAT-
nucleated signaling complexes that play a critical role in
distal TCR signaling.23

Resting T cells have TCRs dispersed in a monovalent form
across their plasma membranes.24 T-cell activation is
dependent on TCR aggregation via interactions with
multivalent pMHC, as monovalent pMHC does not elicit a
stimulatory response. Multivalent pMHC induces TCR
cross-linking, which promotes the phosphorylation of
downstream signaling molecules.25 Biomaterials can be
surface-functionalized through click chemistry to facilitate
Volume 21 - Issue C - 2024
TCR cross-linking. Moreover, the combination of primary
and secondary antibodies can mediate TCR cross-linking
through the formation of multivalent antibodies. Such
multivalent interactions resulting in TCR clustering lead to
restricted plasma membrane fluidity and trigger confor-
mational changes in CD3.17,26

Various biomaterials have been employed for T-cell
activation and expansion in vitro and in vivo. The use of
aAPCs is the most representative strategy for TCR cross-
linking. The ability of aAPCs to cross-link TCRs can be
regulated by various factors, including ligand affinity,27

cross-linking method,28 aAPC size,29 scaffold rigidity,30 to-
pology,31 ligand spacing,32 and spatial localization.33 The
Figdor group developed semi-flexible polymer-based aAPCs
to address the limitations of rigid scaffolds that hinder re-
ceptor aggregation.30,34 By extending the polymer length
and antibody density within a specific range, they facilitated
multivalent interactions with the TCRs, thereby reducing the
threshold to activate T cells. In a separate approach, the
Schneck group utilized magnetic nanoparticles to control
TCR cross-linking using magnetic fields.28 The Yu group
employed Janus particles to mimic the immune synapse and
designed aAPCs with distinct spatial distribution character-
istics of ligands.33 Their findings revealed that particles with
a clustered distribution of anti-CD3 antibodies activated T
cells more effectively than those with a uniform distribution
of the same antibody amount. Moreover, the anti-CD3
antibody-conjugated matrix serves not only as a scaffold
for TCR cross-linking but also as a rheostat for the me-
chanical force required for membrane deformation.35,36

Increasing the substrate stiffness reduces the mechanical
force threshold necessary for membrane deformation,
thereby enhancing the efficiency of T-cell activation. A 15-
nm intercellular distance is the best condition for TCR-
pMHC interaction.37 When considering heightened TCR
triggering, the distance of the conjugated TCR ligands
relative to the scaffold surface must also be taken into ac-
count.38 To investigate the spatial demands for T-cell acti-
vation, the Sevcsik group developed a DNA origami-based
biointerface.39 Their findings demonstrated that antigen-
mediated T-cell activation was not strongly influenced by
the spatial arrangement of pMHC.

T-cell signaling and activation are significantly influenced
by the mechanical procedures by which TCRs recognize
antigens and interact with pMHCs at the molecular level.
Multiple experimental studies have aimed to comprehend
T-cell sensitivity and selectivity toward antigens, as well as
to characterize the structural and biophysical features of
TCR-pMHC interactions.40,41 During antigen scanning, the
tension on the TCRepMHC bond influences T-cell antigen
discrimination.42 The Dushek group suggested that tensile
forces impeded this discrimination, while the force-
shielding mediated by co-stimulatory and adhesion mole-
cules in the immunological synapse promoted it.43,44 TCRs
exert pulling forces of up to 5 pico-newtons on antigens as T
cells move, which is sufficient to break the bonds between
TCRs and antigens.45 The Schütz group developed antibody-
coated beads targeting CD3 and CD28 to directly measure
https://doi.org/10.1016/j.iotech.2023.100695 3
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the 3D traction forces generated by single microvilli during
T-cell activation.42 Their findings revealed that higher Ca2þ

levels, which indicated stronger T-cell activation, were
associated with increased forces from shifts in substrate
stiffness.42 Molecular dynamics simulations were employed
to explore the formation of catch- or slip-bonds during
TCRepMHC disengagement, highlighting that even little
variations in the TCRepMHC interface may exert consider-
able disparities in signaling outcomes.46,47 The Garcia group
devised a TCRepMHC catch bond engineering strategy to
generate high-potency, low-affinity TCRs with reduced risk
of off-target toxicity in immunotherapy.48 Additionally,
electrostatic interactions between the receptor and the
membrane contributed to the regulation of TCR signaling.
The Gaus group mapped membrane charges and analyzed
TCR clustering in living T cells, providing insights into the
role of membrane charge in various cellular activities.49
Co-stimulatory receptor

T-cell activation is dependent on the collaboration of TCRs
and co-stimulatory receptors on the surface of T cells. Co-
stimulatory receptors and ligands interact at the immuno-
logical synapse once the TCR recognizes pMHC, where they
contribute to downstream effector molecule phosphoryla-
tion, cytoskeleton remodeling, and robust transcription of
the effector gene.50,51 CD28 is a well-studied co-stimulatory
receptor that interacts with B7 ligands (CD80 and CD86) on
APCmembranes.52 Recent studies have unveiled a distinctive
form of T-cell self-activation induced by B7 proteins produced
by T cells or acquired from APCs. In this process, T cells
contract their membrane inward, facilitating the binding of
B7 and CD28.This mechanism boosts CD8þ T-cell priming and
promotes antitumor immune responses.53 Fab fragments of
anti-CD28 antibodies are unable to cross-link CD28
and, therefore, cannot activate T cells. Conversely, intact
anti-CD28 immunoglobulin G (IgG) can form multivalent
complexes by interacting with anti-IgG antibodies or FcRs,
promoting CD28 cross-linking and T-cell activation.54 This
approach can also be extended to other co-stimulatory re-
ceptors such as OX-40,55,56 inducible T cell co-stimulator
(ICOS),57,58 4-1BB,59 GITR,60 and CD96.61,62 It is worth noting
that bispecific antibodies can serve as scaffolds for receptor
cross-linking. For instance, Chan et al. demonstrated that
bispecific agonists targeting both PD-1 and GITR induced
aggregation and signaling of GITR in a PD-1-dependent
manner.60 Furthermore, Soldevilla et al. reported that a
tumor-targeted MRP1-ICOS bispecific aptamer could attach
to tumor cell membranes for an extended period, facilitating
more efficient cross-linking of ICOS.58

Various biomaterials have been employed to develop
aAPCs for antigen-specific T-cell expansion in vitro or
Figure 2. Magnet-mediated TCR cross-linking enhances CD8D T-cell-mediated antit
using magnets. (C) Magnet-promoted TCR cluster formation. (D) Expansion of Pmel T
activated by aAPCs in the presence of a magnet before proceeding with adoptive im
magnets. A-F are adapted from Perica et al.28

aAPCs, artificial antigen-presenting cells; Ig, immunoglobulin; MHC, major histocom
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directly activate T cells in vivo.63 aAPCs are generally
coupled with ligands for TCRs and co-stimulatory re-
ceptors. aAPCs-mediated receptor cross-linking can be
modulated through diverse methods, such as particle
size, shape, and material type. Contrary to previous
findings suggesting that nanoscale aAPCs were ineffective
in receptor cross-linking due to their large curvature, the
Schneck group reported that nanoscale aAPCs actually
facilitated receptor cross-linking and T-cell expansion.9

They attributed this success to the utilization of the
MHCeIg dimer, which had a flexible hinge region capable
of efficiently cross-linking TCRs. Nanoscale aAPCs, with
diameters ranging from 50 to 100 nm, exhibit efficient
distribution within lymph nodes and tumors, while
microscale aAPCs predominantly localize at the injection
site. Additionally, nanoscale aAPCs offer unique advan-
tages. For example, ligands of TCRs and co-stimulatory
receptors can be conjugated to paramagnetic nano-
particles (Figure 2A),28 enabling the control of TCR and
CD28 cross-linking through a magnetic field (Figure 2B).
Furthermore, magnetic fields significantly enhanced the
TCR aggregation mediated by nanoscale aAPCs, thereby
promoting T-cell expansion (Figure 2C and D). Conversely,
microscale aAPCs are relatively large and cannot effec-
tively cross-link receptors in magnetic fields. To expand
tumor antigen-specific T cells, Trp2-loaded aAPCs were
utilized and subsequently transferred into tumor-bearing
mice (Figure 2E). This approach exhibited significant in-
hibition of melanoma growth (Figure 2F).

Both the material and the shape of nanoparticles signif-
icantly influence receptor cross-linking. When ligands of
TCRs and co-stimulatory receptors are dispersed on fluid
cell membranes, they have the flexibility to move, aggre-
gate, and form immunological synapses.17 However, conju-
gated ligands on rigid nanoparticles showed impeded
receptor aggregation.64 In contrast, flexible materials pro-
mote aggregation during receptoreligand interactions. For
example, semi-flexible polymers coupled with anti-CD3/
anti-CD28 antibodies facilitated the cross-linking of CD3
and CD28, surpassing the T-cell activation achieved by
ligand-functionalized rigid poly (lactic-co-glycolic acid)
(PLGA) nanoparticles.64 To overcome the limited fluidity of
rigid nanoparticles, PLGA nanoparticles coated with cell
membranes or lipid bilayers emulated the fluidic nature of
cell membranes, thereby facilitating receptor cross-link-
ing.65 The amount of receptor cross-linking depends criti-
cally on the surface area of interaction between
nanoparticles and cells. Therefore, elliptical, rod-shaped
nanoparticles, or nanotubes with high aspect ratios are
more efficient in promoting receptor cross-linking.66-68

Furthermore, incorporating adhesion molecules like
lymphocyte function-associated antigen-1 and intercellular
umor efficacy. (A) Structure of aAPCs. (B) TCR cross-linking mediated by aAPCs
cells following aAPCs treatment, with or without magnets. (E) CD8þ T cells were
munotherapy. (F) Antitumor responses of CD8þ T cells activated with aAPCs and

patibility complex; TCR, T-cell receptor.
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adhesion molecule-1 establishes a stable connection be-
tween aAPCs and T cells, which improves CD3 and CD28
cross-linking on T cells.69,70

B-CELL SURFACE RECEPTORS

B cells are essential for humoral immunity and can
potentiate cellular immunity. The potential importance of
B cells in cancer has been a long debate. B cells are often
recognized as regulatory B cells in tumors, but recent
increasing evidence demonstrated that B cells can induce
potent therapeutic effects for cancer treatment.71 B cells,
especially located in intratumoral tertiary lymphoid
structures, can effectively provoke anticancer immunity.
Furthermore, B cells in draining lymph nodes can interact
with helper T cells to provoke anticancer immunity. In the
context of engineering B-cell immunity for cancer therapy,
biomaterials can provide multiple B-cell activation signals,
including BCR cross-linking and CD40 engagement
(Figure 1B). In addition, B-cell immunity can be combined
with other therapeutic modalities such as checkpoint
blockade therapy and chemotherapy.
BCR

BCRs present on the surface of B cells are mainly respon-
sible for identifying invading pathogens. The BCR consists of
a membrane-bound Ig (mIg) and the Iga/Igb heterodimer.72

The 3D molecular structure of the BCR was discovered by
cryo-EM, demonstrating that the symmetrical mIg binds
solely to Iga and Igb on one side to produce an asymmet-
rical complex.73 On resting B cells, the BCRs form ordered
oligomers comprising multiple subunits, which remain
inactive.74 The BCR plays a vital role in recognizing and
internalizing antigens, marking an early event in B-cell
activation. Defects in BCR signaling can result in immuno-
deficiency. Increasing the number of BCRs during the
maturation of B cells can restore the function of immuno-
deficient B cells.75 The Gold group discovered that Toll-like
receptor (TLR) ligands can enhance BCR signaling by
reducing the receptor’s spatial limitation caused by actin
dependence.76 This increase in BCR mobility and collisions
at the membrane triggers signaling within the cell, even in
the absence of antigen.

Antigens are physically internalized from cell surfaces by
B cells via mechanical forces. The characteristics of the
antigen, including valence and affinity, significantly impact
B-cell activation, plasma cell differentiation, and affinity
maturation. Multivalent antigens are more easily internal-
ized by the BCR than monovalent antigens. The internalized
antigens are degraded into peptide fragments and assem-
bled with MHC II, which could be recognized by CD4þ T
cells.77 Antibody production is dependent on BCR-mediated
uptake of high-affinity antigens.78 BCR internalizes the an-
tigen through the contraction and pulling of actin cyto-
skeleton. During this process, bonds formed between the
BCR and monovalent or low-affinity antigens are easily
disrupted. BCR cross-linking facilitated by membrane-bound
6 https://doi.org/10.1016/j.iotech.2023.100695
high-affinity antigens is sufficient for B-cell activation.78

Additionally, adhesion molecules between cell contact sur-
faces can enhance BCR ligation with low-affinity antigens.79

B cells can also sense the stiffness of antigen-presenting
substrates through the BCR.80 This is showcased by that
germinal center B cells receive antigens presented by FDCs
with relatively stiff cell membrane; therefore, germinal
center B cells need to exert relatively high mechanical
forces when extracting antigens from FDCs. Memory B cells
also exhibited higher traction forces to capture membrane-
bound antigens compared to naïve B cells.81

B-cell activation can be strongly induced by multivalent
antigen-mediated BCR cross-linking.82-84 Despite mono-
valent antigens being capable of activating B cells, they
cannot be efficiently internalized by BCRs.77 The cross-
linking of BCRs allows Lyn to phosphorylate Iga/Igb ITAM,
leading to Syk recruitment.85 This cooperative action be-
tween Lyn and Syk enables a rapid response to BCR clus-
tering and initiates the BCR signaling cascade. Although the
exact conformational changes during BCR cross-linking are
still unknown, the use of multivalent antigens to activate B
cells has been well established. Virus particles effectively
induce B cells to generate specific antibodies because they
have repeating epitopes on the outer layer that facilitate
BCR cross-linking.86 VLPs mimic this physical structure by
displaying polymeric epitopes on their surfaces, resulting in
stronger activation compared to soluble antigens.13 This
strategy not only enhanced antigen affinity for better up-
take by APCs but also allowed for modulation of VLP size to
improve lymph node drainage.87,88 VLPs with sizes ranging
from 50 to 100 nm were easily absorbed onto the surface of
FDCs, facilitating antigen presentation to cognate B cells.89

Envelope glycoproteins are predominantly displayed on
the surface of virus particles. In the study conducted
by Ingale et al., 1,2-dioleoyl-sn-glycero-3-((N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl) (nickel salt)
liposomes were developed to present human immunode-
ficiency virus-1 (HIV-1) soluble trimer mimetics (JRFL SOSIP
trimers) with C-terminal His-tags (Figure 3A and B).13

Negative-stain cryo-EM revealed a uniform arrangement
of JRFL SOSIP trimers on the liposome surface (Figure 3C).
JRFL SOSIP trimer-conjugated liposomes exhibited a higher
induction of B-cell activation markers compared to the
soluble form in vitro. Additionally, JRFL SOSIP trimer-
conjugated liposomes improved the in vivo formation of
germinal center (Figure 3D) and boosted the generation of
high-affinity antibodies (Figure 3E). Further enhancement
of IgG production was achieved by mixing the TLR7/8
agonist R848 with JRFL SOSIP trimer-conjugated liposomes
(Figure 3F). DNA origami scaffold-based VLPs promoted
BCR signaling and antibody generation against severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in
a titer-dependent manner by displaying multivalent anti-
gens.90 These studies highlight the significance of
nanoparticle-mediated multivalent antigen display for BCR
cross-linking and the induction of effective humoral
immunity.
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Figure 3. Synthetic liposomes modified with HIV-1 trimer spikes for B-cell activation. (A) Schematic of B-cell activation through HIV-1 trimer spike-conjugated li-
posomes. (B) Schematic of the liposome structure utilized for displaying HIV-1 trimer spikes. (C) Representative image of JRFL SOSIP trimer-conjugated liposome. Scale
bar, 100 nm. (D) Proportion of germinal center CD19þGL7þ B cells following treatment with JRFL SOSIP trimer in a soluble form or conjugated form. (E) Production of
IgG after treatment with JRFL SOSIP trimer in a soluble form or conjugated form. (F) IgG production following JRFL SOSIP trimer-conjugated liposome treatment, with
or without TLR7/8 agonist R848. A-F are adapted from Ingale et al.13

BCR, B-cell receptor; DGPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; DGS NTA-Ni, 1,2-dioleoyl-sn-glycero-3-((N-(5-amino-1-carboxypentyl)iminodiacetic acid)suc-
cinyl) (nickel salt); HIV, human immunodeficiency virus; Ig, immunoglobulin; IL, interleukin; JRFL SOSIP, HIV-1 soluble trimer mimetic; MHC, major histocompatibility
complex; TLR, Toll-like receptor; TNF, tumor necrosis factor.
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Polysaccharide vaccines have made remarkable contri-
butions to the management of Streptococcus pneumoniae,
Neisseria meningitidis, and Haemophilus influenzae type
b.91 These vaccines exploit bacterial surface poly-
saccharides, which consist of repeating carbohydrate units,
to induce B-cell expansion and antibody production via
BCR cross-linking.92 However, traditional polysaccharide
vaccines cannot be recognized by TCRs. Consequently,
polysaccharide-activated B cells did not undergo class
switching and differentiate into memory B cells. Therefore,
traditional polysaccharide vaccines can only enable B cells
to produce low-affinity antibodies.93 To overcome these
limitations, polysaccharides have been conjugated to anti-
gens containing T-cell epitopes. In vivo studies have
revealed that germinal center B cells acquired glyco-
conjugate vaccines from FDCs through BCR interactions.
This led to CD4þ T-cell responses.92 Avci et al. conducted a
detailed study that shed light on this process.94 To cross-link
BCRs, they conjugated T-cell-independent group B strepto-
coccal type III (GBS III) polysaccharide to ovalbumin (III-
OVA) or ovalbumin peptide (III-OVAp). III-OVA was taken up
by B cells and processed into glycan peptides, which were
then presented to CD4þ T cells. The processed glycan
peptide-MHC II complex directly mediated B cell-T cell
interaction, whereas the processed glycan alone did not
participate in this process. The production of interleukin (IL)
2 and IL4 by CD4þ T cells promoted B cells to proliferate
and generate GBSIII-specific IgG antibodies. Compared to
III-OVA, III-OVAp induced stronger OVA-specific IgG titers
and provided protection against Streptococcus in mice.
Increasing the amount of GBSIII per unit of III-OVAp further
enhanced the immunogenicity of the vaccine. Taking inspi-
ration from the design principles of polysaccharide vaccines,
Bennett et al. modified polymers with B-cell antigens and
T-cell antigens, with T-cell antigens conjugated using
enzyme-sensitive linkers.95 Modified polymers containing
both epitopes evoked stronger antibody responses than
those containing only B-cell antigen epitopes. T-cell antigens
conjugated via enzyme-sensitive linkers were more effi-
ciently processed and assembled with MHC II, resulting in
enhanced B-cell activation compared to those conjugated
via enzyme-insensitive linkers. These studies provide valu-
able guidance for developing glycan-based vaccines.

BCR is a mechanosensitive receptor that has been
extensively studied.14,81,96-98 When B cells encounter anti-
gens, their cytoskeletal proteins undergo remodeling,
causing membrane-bound BCReantigen complexes to
spread and aggregate. The generated mechanical force
disrupts the weak bonds between the BCR and antigen
while retaining multivalent antigen-BCR complexes to form
microclusters.78 These microclusters are essential for
transducing mechanical force and initiating the phosphor-
ylation of Iga/Igb ITAM.99 However, the precise mechanism
by which mechanical force-induced conformational changes
in the BCR complex facilitate ITAM phosphorylation remains
unknown.100 Spillane et al. demonstrated that B cells
exhibited varying responses when mechanically extracting
8 https://doi.org/10.1016/j.iotech.2023.100695
antigens from the APC’s surface, and these responses were
influenced by the stiffness of the APC.80 This finding sug-
gests the exciting possibility of actively controlling B-cell
responses and antibody production by manipulating the
physical cues within the immune synapse. To explore how
mechanical forces affect B-cell development, hydrogels
based on polyacrylamide and polydimethylsiloxane have
been used as models.14 The Liu group reported that B cells
formed larger BCR microclusters on stiffer antigen-tethered
hydrogels.97 The change in physical stiffness recruited pSyk
and pTyr to the microclusters, resulting in enhanced CD69
expression.14,98 It is crucial to highlight that B cells exhibit
different sensitivities to mechanical forces at different
stages of development.81,96 The generation and trans-
mission of mechanical force rely on extensive BCR cross-
linking, similar to how adhesion molecules convert
relative movement between cells or cellematrix interfaces
into mechanical forces. Adhesion molecules strengthened
the binding between the BCR and antigens, enabling the
discrimination of substrates with varying stiffness.96 Anti-
gens with low affinity for B cells exhibited higher efficiency
when presented on a soft surface.80 In certain diseases, like
rheumatoid arthritis, matrix stiffness also impacts the
pathological changes of B cells.81

These exciting findings promote the recognition of me-
chanical forces in imunotherapy.101 For example, mechani-
cal forces could enhance cancer killing by cytotoxic T
cells.102 Also, mechanosensing may affect B-cell response to
viral infection and the immune response.99 The presence of
substantial amounts of B cells in the tumor microenviron-
ment underscores their active role in shaping tumor im-
munity. Leveraging B cells’ mechanosensitivity may have
significant implications for cancer immunoengineering.

CD40

B-cell proliferation and activation depend on three stimuli:
BCR ligation, CD40 ligation, and cytokines.103 BCR is pri-
marily activated by antigens, while CD40 signaling and cy-
tokines (IL4, IL21) mainly originate from CD4þ T cells.104

CD40 cross-linking on B cells’ surface enables antibody
class switching as well as generating high-affinity anti-
bodies, while B cells activated via T-cell-independent
pathway can only produce low-affinity antibodies. Multi-
valent CD40 cross-linking significantly improves the
activation of B cells. Free anti-CD40 antibodies can only be
cross-linked by FcRs when cells expressing FcRs come into
contact with B cells.105 This reflects the spatial limitation of
free anti-CD40 antibodies in activating B cells. The multi-
valent display of anti-CD40 antibodies by nanoparticles or
VLPs has been developed to activate B cells.106,107 The
B-cell activation efficiency of luminescent porous silicon
nanoparticles-conjugated anti-CD40 antibodies was 30-40
times higher than that of free anti-CD40 antibodies.107

Furthermore, the half maximal effective concentration of
P22 virus-like particle-conjugated anti-CD40 antibodies was
53.6 times lower than that of free anti-CD40 antibodies for
B-cell activation.106 Engineered cells expressing anti-CD40
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https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695


Figure 4. Pathogen-like nanostructures for activation of DCs. (A) Schematic of mIONPsp-Xcc LOS synthesis. (B) Structure of mIONPsp-HyNic-4FB-OVA. (C) Antitumor
effect in B16-F10(OVA) DPD-L1 tumor re-challenge with mIONPsp-Xcc LOS and mIONPsp-HyNic-4FB-OVA treatment. (D) Proportion of SIINFEKL-specific CD8þ, Tcm,
and Tem cells after the recall immunization in (C). (E, F) Assessment of TNF-aþ CD8þ T cell proportion (E) and IFN-g secretion (F) after in vitro SIINFEKL treatment of
immunized mouse splenocyte mixtures. A-F are adapted from Traini et al.129
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antibodies have been used for CD40 cross-linking and B-cell
activation in 2D or 3D culture models.8,108

DENDRITIC CELL SURFACE RECEPTORS

DCs are among the most important APCs, characterized by a
series of pattern recognition receptors (PRRs) on their
plasma membrane.109 The PRRs mediate antigen internali-
zation and DC activation. Internalized antigens undergo
processing into peptide sequences, which are loaded onto
MHC I or MHC II and then presented to CD8þ or CD4þ T
cells, respectively. PRR cross-linking effectively induces DC
activation and antigen presentation functions. PRR-
targeting antibody- or polysaccharide-modified nano-
particles can be efficiently drained to lymph nodes and
taken up by DCs to initiate antitumor immune response
(Figure 1C).110,111

C-type lectin receptor (CLR)

DCs express CLRs that are essential for antigen recognition
and internalization.112 These receptors primarily recognize
carbohydrates and glycosylated antigens on pathogen sur-
faces.113 Given that bacteria and viruses are covered with
glycans, the recognition of glycans and glycosylated anti-
gens by CLRs is a crucial step in recognition of pathogens by
DCs.114,115 Notable CLRs include dendritic cell-specific
intercellular adhesion molecule-3-grabbing non-integrin
(DC-SIGN), mannose receptor, and DEC-205 (CD205). While
glycans can mediate antigen recognition and internalization,
natural glycans generally exhibit low affinity for CLRs.116

Increasing the valence of glycans enhances their affinity
for CLRs and facilitates CLR cross-linking-mediated antigen
internalization.117 The Kooyk group coupled DC-SIGN tar-
geting glycans with OVA257-264 (SIINFEKL) or OVA329-337
peptides to poly(amido amine) (PAMAM) dendrimers,
achieving effective DC-SIGN-dependent delivery of the
SIINFEKL or OVA329-337 peptides.117 The internalized anti-
gens were found to localize to lysosomes. Interestingly, high
multivalent PAMAM dendrimers activated CD4þ T cells,
whereas low multivalent PAMAM dendrimers appeared
more favorable for activating CD8þ T cells. It should be
emphasized that DC-SIGN signaling alone was insufficient to
induce DC maturation; a second signal, TLR4, was also
required. Through the synergistic effect of DC-SIGN and
TLR4, DCs were activated by multivalent glycans, leading to
IL-10 secretion. This effect was enhanced with an increase in
glycan valency. TLR4 additionally guided antigens into the
cytoplasm, where they were processed via the proteasome
pathway and loaded onto MHC I.118,119 The Figdor group
reported that surface decoration of nanoparticles with anti-
DC-SIGN antibody hD1 effectively reduced the non-specific
phagocytosis of nanoparticles in vivo, facilitating antigen
delivery to DCs.120 They compared nanoparticles modified
with ICAM3, another natural ligand of DC-SIGN, to those
modified by hD1.121 hD1 exhibited higher affinity for
IFN, interferon; IONPsp, superparamagnetic iron oxide nanoparticles; LOS, lipooligosa
PBS, phosphate buffered saline; PEG, polyethylene glycol; Tcm, central memory T ce
splenocyte.
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DC-SIGN than that of ICAM3. Consequently, hD1-conjugated
nanoparticles were more efficiently internalized by DCs
than their ICAM3 counterparts. However, ICAM3-modified
nanoparticles preferentially activated CD8þ T cells. Inter-
estingly, high-affinity nanoparticle-mediated antigen inter-
nalization appears to have a detrimental effect on antigen
cross-presentation, yet the exact mechanism behind this
phenomenon remains unclear.

Ligand-functionalized nanoparticles that are recognized
by DEC-205 or the mannose receptor have shown signifi-
cant potential in enhancing antigen presentation and cross-
presentation by DCs.122-124 Bandyopadhyay et al. decorated
anti-DEC-205 antibodies on OVA-loaded PLGA nano-
particles.123 Nanoparticles coated with different densities of
anti-DEC-205 antibodies resulted in different degrees of
DEC-205 cross-linking, exhibiting a proportional relationship
with the Th2 response while not significantly promoting the
Th1 response. Furthermore, DC production of IL-10 was
associated with the density of anti-DEC-205 antibodies.
Scavenger receptor CD36 was also up-regulated by the
functionalized nanoparticles. IL-10 production was inhibited
by CD36 blockage, indicating a potential link to CD36-
mediated phagocytosis of apoptotic cell debris.125 Poly-
anhydride nanoparticles decorated with dimannose
facilitated the internalization of nanoparticles by cross-
linking mannose receptors, leading to DC maturation.124

Cross-linking of the mannose receptor predominantly
increased IL-6 and tumor necrosis factor (TNF) secretion,
without detectable secretion of IL-10, which differed from
the response observed with DEC-205 cross-linking. Zhang
et al. reported that alginate nanoparticles were decorated
with mannose and conjugated with OVA using a pH-
sensitive linker.122 These functionalized nanoparticles
demonstrated a significant enhancement in antigen cross-
presentation and effectively inhibited EG7 tumor growth.
These findings indicate that promoting CLR cross-linking
appears to be a promising strategy for enhancing antigen
uptake and presentation by DCs.
TLR4

TLR4 signaling and antigens work together to facilitate the
maturation of DCs by promoting downstream signaling
activation, such as nuclear factor-kB.117,126 While lipopoly-
saccharide (LPS) is the natural ligand for TLR4, LPS mono-
mers alone have been shown to be less effective than LPS
aggregates for DC maturation. Amphiphilic LPS self-
assembles into aggregates above a critical concentration
in the aqueous phase. Notably, at the same concentration
of LPS, only LPS aggregates rather than LPS monomers
promoted TLR4 activation.127 Bacteria possess multivalent
LPS that enhances their affinity to TLR4 and mediates TLR4
clustering.128 To mimic this bacteria-like structure, re-
searchers employ nanoparticles coated with a hydrophobic
layer of LPS to study the kinetics of TLR4 activation.127 In
ccharide; OVA, ovalbumin; NP, nanoparticle; PD-L1, programmed death-ligand 1;
lls; Tem, effector memory T cells; TNF, tumor necrosis factor; US, unstimulated
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the study by Traini et al., Xanthomonas campestris pv.
campestris (Xcc) lipooligosaccharide (LOS), a specific type of
LPS without the O-antigen chain, was utilized as an immune
adjuvant. LOS was adsorbed onto superparamagnetic iron
oxide nanoparticles (IONPsp) through hydrophobic in-
teractions, creating a pathogen-like nanostructure called
mIONPsp-Xcc LOS (Figure 4A).129 Additionally, the formation
of mIONPsp-HyNic-4FB-OVA occurred through the linkage
of the model antigen OVA to mIONPsp using a hydrazone
bond (Figure 4B). This functionalized nanoparticle offered
the advantage of targeted delivery to the lymph nodes. In
comparison to Xcc LOS alone, mIONPsp-Xcc LOS not only
enhanced IL-6 secretion by DCs but also reduced cytotox-
icity. mIONPsp-Xcc LOS worked with mIONPsp-HyNic-4FB-
OVA to induce superior antitumor efficacy compared to
the combination of Xcc LOS and OVA. Notably, it markedly
raised the proportion of memory CD8þ T cells that were
specific for SIINFEKL and induced robust antitumor memory
(Figure 4C and D). A mixture of splenocytes from immunized
mice exhibited a stronger response in vitro to the OVA
epitope SIINFEKL, promoting TNF-aþ CD8þ T-cell pro-
portions and IFN-g secretion (Figure 4E and F). In another
study by Son et al., Saccharomyces cerevisiae mannan-
based nanocapsules (Mann-NC) were developed to cross-
link Dectin-2 and TLR4 in DCs, which in turn promoted DC
maturation and pro-inflammatory cytokine secretion.130

Additionally, Mann-NC induced CD4þ T cells to differen-
tiate into TH17 cells. When Mann-NC was intratumorally
injected, it remodeled the tumor immune microenviron-
ment and elevated the TH17/Treg ratio. Furthermore, CD8þ

T cells and natural killer (NK) cells were attracted by TH17-
secreted cytokines to inhibit the growth of the CT26 tumor.

MACROPHAGE SURFACE RECEPTORS

Macrophages possess robust phagocytic capabilities for
eliminating foreign and pathogenic substances within the
body. Dysregulated phagocytosis of macrophages hinders
the removal of pathogens, potentially exacerbating immune
imbalances. Furthermore, alternatively activated macro-
phages (M2) inhibit cancer immunity and immunotherapy.
Maintaining anticancer phenotypes of macrophages is
paramount for effective tumor eradication.
SIRPa

Signal regulatory protein a (SIRPa) belongs to a class of
inhibitory receptors that regulate phagocytosis in innate
immune cells.131 SIRPa primarily interacts with CD47 and this
interaction is crucial in maintaining internal homeostasis by
preventing macrophages from engulfing healthy cells. CD47
binds to SIRPa with low affinity and inhibits phagocytosis by
hindering myosin assembly.132 Cancer cells express CD47
to disrupt macrophage phagocytosis. To restore macrophage
phagocytosis of cancer cells, it is essential to block the SIRPa-
CD47 interaction. Unfortunately, systemically delivering
anti-CD47 antibodies generally induces macrophages to
mistakenly phagocytose normal red blood cells and platelets,
leading to severe anemia. Therefore, the development of safe
Volume 21 - Issue C - 2024
strategies that effectively disrupt the CD47-SIRPa signaling
holds great potential for cancer treatment.131 Ha et al.
discovered that the accumulation of SIRPa in lipid micro-
domains is a prerequisite for the activation of CD47-SIRPa
signaling.133 These lipid rafts are predominantly found in
non-apoptotic cells, facilitating the multivalent binding of
CD47 and SIRPa to prevent phagocytosis.134 During
apoptosis, CD47 diffusion weakens the low-affinity connec-
tion between CD47 and SIRPa to promote phagocytosis by
macrophages. These findings highlight the significance of the
multivalent binding of CD47 and SIRPa in CD47-SIRPa
signaling. Rodriguez et al. conjugated CD47-self peptides to
VLPs, which effectively inhibited myosin-II-mediated
contractility and reduced macrophage phagocytosis
(Figure 1D).11 The density of CD47-self peptides directly
influenced the duration of phagocytosis inhibition. Jalil et al.
designed a soluble multivalent anti-CD47 peptide and
observed that bivalent and tetravalent peptides enhanced
macrophage phagocytosis of tumor cells compared to
monovalent peptides.135 Importantly, systemic application of
these peptides did not result in severe side-effects, such as
anemia.
Fcg receptor

While CD47-SIRPa signaling inhibits phagocytosis, FcgRs
recognize the Fc segment of the antibody and cause mac-
rophages to phagocytose antibody-labeled cells.136 These
two pathways work in tandem to regulate macrophage
phagocytosis: the CD47-SIRPa pathway identifies normal
cells, while the FcgR pathway targets abnormal cells or
pathogens marked by antibodies. According to Pacheco et al.,
the efficiency of macrophage phagocytosis of particles within
the range of 0.5-2 mm was influenced by the density of the Fc
ligands, whereas phagocytosis of particles larger than 2 mm
primarily occurred through non-specific mechanisms.137

Additionally, FcgR-mediated phagocytosis imposed specific
requirements on ligand spacing of the target particle.138 Kern
et al. controlled ligand density and distribution on lipid-
coated silica beads using DNA origami.139 Macrophages
exhibited a preference for phagocytizing particles with li-
gands separated by <7 nm. High ligand density promoted
FcgR clustering, phosphorylation of FcgRs, and activation of
downstream Syk signaling. Considering the Fc fragment-
mediated phagocytosis by macrophages, nanoparticles
functionalized with F(ab’)2 fragments of antibodies can
effectively reduce particle clearance.140 Moreover, the Fc-
mediated phagocytosis can be leveraged to design nano-
particles that enhance macrophage phagocytosis of target
cells. Liu et al. developed Janus Au nanoparticles designed to
direct macrophages to engulf antibody-labeled cells
(Figures 1D and 5A).12 One side of the nanoparticles was
modified with the FcR ligand cp33, which facilitated macro-
phage phagocytosis by cross-linking FcgRs (Figure 5B). On
the other side, the nanoparticles were modified with the
myeloid-derived suppressor cells (MDSC)-targeting peptide
G3 (Figure 5B). These bifunctional nanoparticles G3-SNAbs
effectively bound to both effector cells (macrophages) and
https://doi.org/10.1016/j.iotech.2023.100695 11

https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695


Figure 5. Bifunctional nanoparticles promoted phagocytosis of MDSCs by macrophages. (A) Schematic of SNAbs. (B) Schematic of MDSC-targeting SNAbs (G3-
SNAbs). (C) Binding of SNAbs to effector cells and target cells. (D, E) G3-SNAbs cleared MDSCs within the blood (D) and spleen (E). (F, G) CD8þ T cells (F) and
NK cells (G) were elevated by G3-SNAbs in tumors. A-G are adapted from Liu et al.12

AUNP, gold nanoparticles; MDSCs, myeloid-derived suppressor cells; NK, natural killer; PA, photoacoustic; SMCC, succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-
carboxylate; SNAbs, synthetic nanoparticle antibodies.
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target cells (MDSCs) (Figure 5C). Tumor-bearing mice treated
with G3-SNAbs significantly reduced the amount of MDSC in
the blood and spleen (Figure 5D and E) and increased the
proportion of intratumoral CD8þ T cells and NK cells
(Figure 5F and G).
12 https://doi.org/10.1016/j.iotech.2023.100695
NATURAL KILLER CELL SURFACE RECEPTORS

NK cells distinguish healthy cells by recognizing MHC I
molecules on the cell surface. Typically, all nucleated
healthy cells express MHC I, which triggers inhibitory re-
ceptors on NK cells.141 Cancer cells reduce their MHC I
Volume 21 - Issue C - 2024

https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695


Figure 6. Trispecific nanoparticles promoted NK cell-mediated inhibition of EGFR-positive tumors. (A) Schematic of trispecific nanoparticle-mediated tumor sup-
pression. (B) Bispecific nanoparticles synergistically inhibited B16F10 tumors with radiotherapy. (C) Trispecific nanoparticles specifically inhibited EGFR-positive HT29
tumors. A-C are adapted from Au et al.146 © The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://
creativecommons.org/licenses/by-nc/4.0/. Reprinted with permission from AAAS.
EGFR, epidermal growth factor receptor; EPI, epirubicin; NK, natural killer; NPs, nanoparticles.
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expression to evade T-cell attacks. In such a scenario, NK
cells recognize cancer cells and eliminate them. Achieving
full activation of NK cells relies on the assistance of acti-
vating receptors, such as CD16. CD16 is also known as
FcgRIII that activates NK cells and mediates antibody-
dependent cellular cytotoxicity.142 CD16-Fc ligation en-
ables NK cells to rivet target cells, thus secreting granzyme
and perforin to lyse target cells (Figure 1E). The extensive
receptor-ligand engagement between cells mediates the
cross-linking of cell surface receptors and exerts activation
or inhibition effects.134,143 CD16 cross-linking enhances
NK cell degranulation and target cell lysis compared to NK
cells without CD16 cross-linking.144 Bispecific and
Volume 21 - Issue C - 2024
trispecific antibodies immobilized tumor cell-induced
CD16 cross-linking on NK cells upon contact with tumor
cells and exhibited specific lytic activity.142,145-147 CD16
cross-linking was affected by ligand spacing, where
increased ligand spacing hindered CD16 cross-linking and
inhibited NK cell activation.32 Au et al. developed trispe-
cific nanoparticles by incorporating anti-CD16 antibodies,
anti-4-1BB antibodies, and anti-epidermal growth factor
receptor (EGFR) antibodies onto polyethylene glycol-block
polylactide-co-glycolide (PEG-PLGA) nanoparticles
(Figure 6A).146 Nanoparticles coated with anti-CD16/anti-
4-1BB antibodies inhibited the growth of B16F10 tumors
when combined with radiotherapy (Figure 6B). Trispecific
https://doi.org/10.1016/j.iotech.2023.100695 13
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nanoparticles effectively suppressed EGFR-positive
HT29 tumors (Figure 6C). Furthermore, pH-dependent
controllable release of encapsulated epirubicin pro-
moted the antitumor effect of the trispecific nanoparticles
(Figure 6C).
CONCLUSION

For in vivo applications of biomaterials designed to interact
with immune cell surface receptors, the delivery of these
materials is critical. In this review, we provide an overview
of biomaterials spanning a wide size range, from the nano-
to macro-scale, emphasizing that the size of the biomaterial
is the primary determinant of the delivery route. For
nanoparticles <200 nm, delivery can be achieved through
intravenous administration or local injections (e.g., subcu-
taneous, intramuscular, or intralesional) depending on the
target tissue and the specific properties of the biomaterials,
including their stability in the bloodstream.148 Additionally,
alternative routes such as inhalation may be employed to
target the lung. Notably, oral delivery is a feasible approach,
with potential applications in stimulating gut immunity or
enabling absorption through the gut mucosa for systemic
drug distribution. Conversely, for biomaterials of larger
scales, ranging from micro- to macro-scales, the available
delivery options are more limited. These biomaterials are
predominantly administered through local injections or
implantation, often in intra/peri-tumoral contexts. Notably,
oral administration remains a possibility for larger
biomaterials.

The territory of cancer immunotherapy has continuously
expanded. As discussed in the current review, the combi-
nation of biomaterials and immunotherapy offers promising
possibilities for the treatment of tumors. Biomaterial-based
combination cancer immunotherapy has also been tested in
clinical trials.149 Multiscale biomaterials are used to activate
antitumor immunity, including but not limited to polymers,
nanoparticles, and hydrogels. The materials have been used
to cross-link immune cell surface receptors for immune
activation. In contrast to immunotherapeutic delivery stra-
tegies, the covalent linkage of biomolecules to biomaterials
enables the interaction between materials and immune cell
surface receptors, mimicking the multivalent cell-to-cell or
cell-to-pathogen interactions. These approaches are highly
tunable. For example, increasing the aspect ratio of nano-
particles increased the contact area between materials and
cells.68 Semi-flexible rather than rigid biomaterials enabled
efficient clustering of immune cell surface receptors.30 In
addition, biomaterials can couple multiple biomolecules for
the cross-linking of multiple surface receptors. It is crucial
to deepen our understanding of cell-cell interactions to
develop more effective immunoengineering strategies. This
understanding should consider the influence of mechanical
factors, such as force and deformation, on these in-
teractions and their impact on immune responses.
Biomaterial-based cell surface receptor cross-linking stra-
tegies have the potential to significantly contribute to
cancer immunotherapy.
14 https://doi.org/10.1016/j.iotech.2023.100695
FUNDING

This work was supported by the European Research Council
(ERC) Starting Grant [grant number: 101040996] and Proof
of Concept Grant [grant number: 101138825], the Deutsche
Forschungsgemeinschaft [grant number DFG: SH 1223/1-1],
and China Scholarship Council [grant number CSC:
202008320369].
DISCLOSURE

The authors have declared no conflicts of interest.
REFERENCES

1. Cui H, Shan H, Miao MZ, et al. Identification of the key genes and
pathways involved in the tumorigenesis and prognosis of kidney
renal clear cell carcinoma. Sci Rep. 2020;10(1):4271.

2. Tang T, Huang X, Zhang G, Hong Z, Bai X, Liang T. Advantages of
targeting the tumor immune microenvironment over blocking im-
mune checkpoint in cancer immunotherapy. Signal Transduct Target
Ther. 2021;6(1):72.

3. Gupta S, Shukla S. Limitations of immunotherapy in cancer. Cureus.
2022;14(10):e30856.

4. Anand U, Dey A, Chandel AKS, et al. Cancer chemotherapy and
beyond: current status, drug candidates, associated risks and prog-
ress in targeted therapeutics. Genes Dis. 2022;10(4):1367-1401. 18.

5. Osorno LL, Brandley AN, Maldonado DE, Yiantsos A, Mosley RJ,
Byrne ME. Review of contemporary self-assembled systems for the
controlled delivery of therapeutics in medicine. Nanomaterials.
2021;11(2):278.

6. Coon ME, Stephan SB, Gupta V, Kealey CP, Stephan MT. Nitinol thin
films functionalized with CAR-T cells for the treatment of solid tu-
mours. Nat Biomed Eng. 2020;4(2):195-206.

7. Mi Y, Smith CC, Yang F, et al. A dual immunotherapy nanoparticle
improves T-cell activation and cancer immunotherapy. Adv Mater.
2018;30(25):1706098.

8. Purwada A, Singh A. Immuno-engineered organoids for regulating the
kinetics of B-cell development and antibody production. Nat Protoc.
2017;12(1):168-182.

9. Perica K, Medero ADL, Durai M, et al. Nanoscale artificial antigen
presenting cells for T cell immunotherapy. Nanomedicine Nano-
technol Biol Med. 2014;10(1):119-129.

10. Isser A, Silver AB, Pruitt HC, et al. Nanoparticle-based modulation of
CD4þ T cell effector and helper functions enhances adoptive
immunotherapy. Nat Commun. 2022;13(1):6086.

11. Rodriguez PL, Harada T, Christian DA, Pantano DA, Tsai RK, Discher DE.
Minimal “Self” peptides that inhibit phagocytic clearance and
enhance delivery of nanoparticles. Science. 2013;339(6122):971-975.

12. Liu J, Toy R, Vantucci C, et al. Bifunctional janus particles as multi-
valent synthetic nanoparticle antibodies (SNAbs) for selective
depletion of target cells. Nano Lett. 2021;21(1):875-886.

13. Ingale J, Stano A, Guenaga J, et al. High-density array of well-ordered
HIV-1 spikes on synthetic liposomal nanoparticles efficiently activate
B cells. Cell Rep. 2016;15(9):1986-1999.

14. Shaheen S,Wan Z, Haneef K, Zeng Y, Jing W, Liu W. Chapter two - B cell
mechanosensing: a mechanistic overview. In: Dong C, Jiang Z, editors.
Advances in Immunology., 144. Academic Press; 2019. p. 23-63.

15. Zhang P, Rashidi A, Zhao J, et al. STING Agonist-loaded, CD47/PD-L1-
targeting nanoparticles potentiate antitumor immunity and radio-
therapy for glioblastoma. Nat Commun. 2023;14(1):1610.

16. Wang B, Cui H, Kiessling F, Lammers T, Baumjohann D, Shi Y. Targeting
intracellular and extracellular receptors with nano-to-macroscale bio-
materials to activate immune cells. J Control Release. 2023;357:52-66.

17. Al-Aghbar MA, Jainarayanan AK, Dustin ML, Roffler SR. The interplay
between membrane topology and mechanical forces in regulating T
cell receptor activity. Commun Biol. 2022;5(1):40.
Volume 21 - Issue C - 2024

http://refhub.elsevier.com/S2590-0188(23)00381-7/sref1
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref1
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref1
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref2
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref2
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref2
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref2
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref3
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref3
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref4
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref4
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref4
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref5
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref5
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref5
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref5
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref6
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref6
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref6
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref7
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref7
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref7
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref8
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref8
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref8
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref9
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref9
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref9
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref10
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref10
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref10
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref10
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref11
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref11
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref11
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref12
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref12
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref12
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref13
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref13
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref13
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref14
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref14
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref14
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref15
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref15
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref15
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref16
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref16
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref16
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref17
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref17
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref17
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695


H. Cui et al. Immuno-Oncology and Technology
18. Su�sac L, Vuong MT, Thomas C, et al. Structure of a fully assembled
tumor-specific T cell receptor ligated by pMHC. Cell. 2022;185(17):
3201-3213.e19.

19. Swamy M, Beck-Garcia K, Beck-Garcia E, et al. A cholesterol-based
allostery model of T cell receptor phosphorylation. Immunity.
2016;44(5):1091-1101.

20. Li Y-C, Chen B-M, Wu P-C, et al. Cutting edge: mechanical forces
acting on T cells immobilized via the TCR complex can trigger TCR
signaling. J Immunol. 2010;184(11):5959-5963.

21. Courtney AH, Lo W-L,Weiss A. TCR signaling: mechanisms of initiation
and propagation. Trends Biochem Sci. 2018;43(2):108-123.

22. Majedi FS, Hasani-Sadrabadi MM, Thauland TJ, Li S, Bouchard L-S,
Butte MJ. Augmentation of T-cell activation by oscillatory forces and
engineered antigen-presenting cells. Nano Lett. 2019;19(10):6945-
6954.

23. Gaud G, Lesourne R, Love PE. Regulatory mechanisms in T cell re-
ceptor signalling. Nat Rev Immunol. 2018;18(8):485-497.

24. Mørch AM, Bálint �S, Santos AM, Davis SJ, Dustin ML. Coreceptors and
TCR signaling e the strong and the weak of it. Front Cell Dev Biol.
2020;8:597627.

25. Boniface JJ, Rabinowitz JD, Wülfing C, et al. Initiation of signal
transduction through the T cell receptor requires the multivalent
engagement of peptide/MHC ligands. Immunity. 1998;9(4):459-466.

26. Weiss L, Weiden J, Dölen Y, et al. Direct in vivo activation of T cells
with nanosized immunofilaments inhibits tumor growth and metas-
tasis. ACS Nano. 2023;17(13):12101-12117.

27. Lim TS, Mortellaro A, Lim CT, Hämmerling GJ, Ricciardi-Castagnoli P.
Mechanical interactions between dendritic cells and T cells correlate
with T cell responsiveness. J Immunol. 2011;187(1):258-265.

28. Perica K, Tu A, Richter A, Bieler JG, Edidin M, Schneck JP. Magnetic
field-induced T cell receptor clustering by nanoparticles enhances T
cell activation and stimulates antitumor activity. ACS Nano. 2014;8(3):
2252-2260.

29. Hickey JW, Vicente FP, Howard GP, Mao H-Q, Schneck JP. Biologically
inspired design of nanoparticle artificial antigen-presenting cells for
immunomodulation. Nano Lett. 2017;17(11):7045-7054.

30. Mandal SH, Eksteen-Akeroyd ZJ, Jacobs M, et al. Therapeutic nano-
worms: towards novel synthetic dendritic cells for immunotherapy.
Chem Sci. 2013;4(11):4168-4174.

31. Wauters AC, Scheerstra JF, Vermeijlen IG, et al. Artificial antigen-
presenting cell topology dictates T cell activation. ACS Nano.
2022;16(9):15072-15085.

32. Delcassian D, Depoil D, Rudnicka D, et al. Nanoscale ligand spacing
influences receptor triggering in T cells and NK cells. Nano Lett.
2013;13(11):5608-5614.

33. Lee K, Yu Y. Janus nanoparticles for T cell activation: clustering ligands
to enhance stimulation. J Mater Chem B. 2017;5(23):4410-4415.

34. Hammink R, Mandal S, Eggermont LJ, et al. Controlling T-cell activa-
tion with synthetic dendritic cells using the multivalency effect. ACS
Omega. 2017;2(3):937-945.

35. Saitakis M, Dogniaux S, Goudot C, et al. Different TCR-induced T
lymphocyte responses are potentiated by stiffness with variable
sensitivity. eLife. 2017;6:e23190.

36. de la Zerda A, Kratochvil MJ, Suhar NA, Heilshorn SC. Review:
bioengineering strategies to probe T cell mechanobiology. APL Bio-
eng. 2018;2(2):021501.

37. Chen B-M, Al-Aghbar MA, Lee C-H, et al. The affinity of elongated
membrane-tethered ligands determines potency of T cell receptor
triggering. Front Immunol. 2017;8:793.

38. Du Y, Lyu Y, Lin J, et al. Membrane-anchored DNA nanojunctions
enable closer antigen-presenting celleT-cell contact in elevated T-cell
receptor triggering. Nat Nanotechnol. 2023;18:818-827.

39. Hellmeier J, Platzer R, Eklund AS, et al. DNA origami demonstrate the
unique stimulatory power of single pMHCs as T cell antigens. Proc
Natl Acad Sci. 2021;118(4):e2016857118.

40. Platzer R, Huppa JB. T-cell antigen recognition e lessons from the past
and projections into the future. In: Encyclopedia of Life Sciences.
2020. p. 1-26.
Volume 21 - Issue C - 2024
41. Huppa JB, Schütz GJ. Mechanistic insights into T-cell antigen recog-
nition through single molecule microscopy. In: Bradshaw RA,
Hart GW, Stahl PD, editors. Encyclopedia of Cell Biology.. Second
Edition Oxford: Academic Press; 2023. p. 536-552.

42. Aramesh M, Mergenthal S, Issler M, et al. Functionalized bead assay
to measure three-dimensional traction forces during T-cell activation.
Nano Lett. 2021;21(1):507-514.

43. Huppa JB, Schütz GJ. T-cell antigen recognition: catch-as-catch-can or
catch-22? EMBO J. 2023;42(7):e113507.

44. Pettmann J, Awada L, Ró_zycki B, et al. Mechanical forces impair an-
tigen discrimination by reducing differences in T-cell receptor/pep-
tideeMHC off-rates. EMBO J. 2023;42(7):e111841.

45. Göhring J, Kellner F, Schrangl L, et al. Temporal analysis of T-cell
receptor-imposed forces via quantitative single molecule FRET mea-
surements. Nat Commun. 2021;12(1):2502.

46. Hwang W, Mallis RJ, Lang MJ, Reinherz EL. The abTCR mechanosensor
exploits dynamic ectodomain allostery to optimize its ligand recog-
nition site. Proc Natl Acad Sci. 2020;117(35):21336-21345.

47. Sibener LV, Fernandes RA, Kolawole EM, et al. Isolation of a structural
mechanism for uncoupling T cell receptor signaling from peptide-
MHC binding. Cell. 2018;174(3):672-687.e27.

48. Zhao X, Kolawole EM, Chan W, et al. Tuning T cell receptor sensi-
tivity through catch bond engineering. Science. 2022;376(6589):
eabl5282.

49. Ma Y, Yamamoto Y, Nicovich PR, et al. A FRET sensor enables quan-
titative measurements of membrane charges in live cells. Nat Bio-
technol. 2017;35(4):363-370.

50. Esensten JH, Helou YA, Chopra G, Weiss A, Bluestone JA. CD28 cos-
timulation: from mechanism to therapy. Immunity. 2016;44(5):973-
988.

51. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and
co-inhibition. Nat Rev Immunol. 2013;13(4):227-242.

52. Saito T, Yokosuka T, Hashimoto-Tane A. Dynamic regulation of T cell
activation and co-stimulation through TCR-microclusters. FEBS Lett.
2010;584(24):4865-4871.

53. Zhao Y, Caron C, Chan Y-Y, et al. cis-B7:CD28 interactions at invagi-
nated synaptic membranes provide CD28 co-stimulation and promote
CD8þ T cell function and anti-tumor immunity. Immunity. 2023;56(6):
1187-1203.e12.

54. Glinos DA, Soskic B, Williams C, et al. Genomic profiling of T-cell
activation suggests increased sensitivity of memory T cells to CD28
costimulation. Genes Immun. 2020;21(6):390-408.

55. Griffiths J, Hussain K, Smith HL, et al. Domain binding and isotype
dictate the activity of anti-human OX40 antibodies. J Immunother
Cancer. 2020;8(2). https://doi.org/10.1136/jitc-2020-001557.

56. Yang Y, Chai X, Xin W, et al. Generation and characterization of a high-
affinity chimeric anti-OX40 antibody with potent antitumor activity.
FEBS Lett. 2021;595(11):1587-1603.

57. Lownik JC, Conrad DH, Martin RK. T cell receptor signaling defines the
fate and pathway of ICOS internalization. Biochem Biophys Rep.
2020;24:100803.

58. Soldevilla MM, Villanueva H, Meraviglia-Crivelli D, et al. ICOS cos-
timulation at the tumor site in combination with CTLA-4 blockade
therapy elicits strong tumor immunity. Mol Ther. 2019;27(11):1878-
1891.

59. Buchan SL, Dou L, Remer M, et al. Antibodies to costimulatory re-
ceptor 4-1BB enhance anti-tumor immunity via T regulatory cell
depletion and promotion of CD8 T cell effector function. Immunity.
2018;49(5):958-970.e7.

60. Chan S, Belmar N, Ho S, et al. An anti-PD-1eGITR-L bispecific agonist
induces GITR clustering-mediated T cell activation for cancer immu-
notherapy. Nat Cancer. 2022;3(3):337-354.

61. Rogel A, Ibrahim FM, Thirdborough SM, et al. Fcg receptoremediated
cross-linking codefines the immunostimulatory activity of anti-human
CD96 antibodies. JCI Insight. 2022;7(19):e158444.

62. Chiang EY, de Almeida PE, de Almeida Nagata DE, et al. CD96 func-
tions as a co-stimulatory receptor to enhance CD8þ T cell activation
and effector responses. Eur J Immunol. 2020;50(6):891-902.
https://doi.org/10.1016/j.iotech.2023.100695 15

http://refhub.elsevier.com/S2590-0188(23)00381-7/sref18
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref18
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref18
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref18
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref19
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref19
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref19
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref20
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref20
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref20
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref21
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref21
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref22
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref22
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref22
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref22
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref23
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref23
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref24
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref24
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref24
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref24
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref24
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref25
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref25
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref25
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref26
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref26
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref26
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref27
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref27
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref27
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref28
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref28
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref28
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref28
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref29
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref29
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref29
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref30
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref30
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref30
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref31
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref31
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref31
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref32
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref32
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref32
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref33
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref33
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref34
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref34
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref34
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref35
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref35
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref35
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref36
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref36
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref36
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref37
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref37
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref37
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref38
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref38
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref38
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref38
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref39
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref39
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref39
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref40
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref40
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref40
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref40
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref41
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref41
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref41
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref41
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref42
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref42
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref42
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref43
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref43
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref44
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref44
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref44
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref44
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref44
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref45
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref45
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref45
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref46
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref46
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref46
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref47
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref47
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref47
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref48
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref48
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref48
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref49
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref49
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref49
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref50
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref50
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref50
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref51
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref51
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref52
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref52
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref52
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref53
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref53
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref53
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref53
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref53
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref54
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref54
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref54
https://doi.org/10.1136/jitc-2020-001557
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref56
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref56
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref56
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref57
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref57
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref57
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref58
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref58
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref58
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref58
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref59
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref59
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref59
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref59
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref60
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref60
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref60
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref60
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref61
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref61
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref61
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref61
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref62
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref62
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref62
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref62
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695


Immuno-Oncology and Technology H. Cui et al.
63. Rhodes KR, Isser A, Hickey JW, et al. Biodegradable cationic polymer
blends for fabrication of enhanced artificial antigen presenting cells to
treat melanoma. ACS Appl Mater Interfaces. 2021;13(7):7913-7923.

64. Mandal S, Hammink R, Tel J, et al. Polymer-based synthetic dendritic
cells for tailoring robust and multifunctional T cell responses. ACS
Chem Biol. 2015;10(2):485-492.

65. Cheng S, Xu C, Jin Y, et al. Artificial mini dendritic cells boost T celle
based immunotherapy for ovarian cancer. Adv Sci. 2020;7(7):
1903301.

66. Cheung AS, Zhang DKY, Koshy ST, Mooney DJ. Scaffolds that mimic
antigen-presenting cells enable ex vivo expansion of primary T cells.
Nat Biotechnol. 2018;36(2):160-169.

67. Fadel TR, Sharp FA, Vudattu N, et al. A carbon nanotubeepolymer
composite for T-cell therapy. Nat Nanotechnol. 2014;9(8):639-647.

68. Sunshine JC, Perica K, Schneck JP, Green JJ. Particle shape depen-
dence of CD8þ T cell activation by artificial antigen presenting cells.
Biomaterials. 2014;35(1):269-277.

69. Garnier A, Hamieh M, Drouet A, et al. Artificial antigen-presenting
cells expressing HLA class II molecules as an effective tool for
amplifying human specific memory CD4þ T cells. Immunol Cell Biol.
2016;94(7):662-672.

70. Comrie WA, Burkhardt JK. Action and traction: cytoskeletal control of
receptor triggering at the immunological synapse. Front Immunol.
2016;7:68.

71. Shi Y. PLAN B for immunotherapy: promoting and leveraging anti-
tumor B cell immunity. J Controlled Release. 2021;339:156-163.

72. Avalos A, Ploegh H. Early BCR events and antigen capture, processing,
and loading on MHC class II on B cells. Front Immunol. 2014;5:92.

73. Dong Y, Pi X, Bartels-Burgahn F, et al. Structural principles of B cell
antigen receptor assembly. Nature. 2022;612(7938):156-161.

74. Yang J, Reth M. Oligomeric organization of the B-cell antigen receptor
on resting cells. Nature. 2010;467(7314):465-469.

75. Akatsu C, Alborzian Deh Sheikh A, Matsubara N, et al. The inhibitory
coreceptor CD22 restores B cell signaling by developmentally regu-
lating Cd45�/� immunodeficient B cells. Sci Signal. 2022;15(723):
eabf9570.

76. Freeman SA, Jaumouillé V, Choi K, et al. Toll-like receptor ligands
sensitize B-cell receptor signalling by reducing actin-dependent
spatial confinement of the receptor. Nat Commun. 2015;6(1):6168.

77. Kim Y-M, Pan JY-J, Korbel GA, Peperzak V, Boes M, Ploegh HL.
Monovalent ligation of the B cell receptor induces receptor activation
but fails to promote antigen presentation. Proc Natl Acad Sci.
2006;103(9):3327-3332.

78. Natkanski E, Lee W-Y, Mistry B, Casal A, Molloy JE, Tolar P. B cells use
mechanical energy to discriminate antigen affinities. Science.
2013;340(6140):1587-1590.

79. Carrasco YR, Batista FD. B-cell activation by membrane-bound anti-
gens is facilitated by the interaction of VLA-4 with VCAM-1. EMBO J.
2006;25(4):889-899.

80. Spillane KM, Tolar P. B cell antigen extraction is regulated by physical
properties of antigen-presenting cells. J Cell Biol. 2016;216(1):217-230.

81. Wang J, Lin F,Wan Z, et al. Profiling the origin, dynamics, and function of
traction force in B cell activation. Sci Signal. 2018;11(542):eaai9192.

82. Ols S, Lenart K, Arcoverde Cerveira R, et al. Multivalent antigen
display on nanoparticle immunogens increases B cell clonotype di-
versity and neutralization breadth to pneumoviruses. Immunity.
2023;56(10):2425-2441.e14.

83. Pone EJ, Hernandez-Davies JE, Jan S, Silzel E, Felgner PL, Davies DH.
Multimericity amplifies the synergy of BCR and TLR4 for B cell acti-
vation and antibody class switching. Front Immunol. 2022;13:882502.

84. Kato Y, Abbott RK, Freeman BL, et al. Multifaceted effects of antigen
valency on B cell response composition and differentiation in vivo.
Immunity. 2020;53(3):548-563.e8.

85. Mukherjee S, Zhu J, Zikherman J, et al. Monovalent and multivalent
ligation of the B cell receptor exhibit differential dependence upon
Syk and Src family kinases. Sci Signal. 2013;6(256). ra1-ra1.

86. Bachmann MF, Mohsen MO, Zha L, Vogel M, Speiser DE. SARS-CoV-2
structural features may explain limited neutralizing-antibody re-
sponses. NPJ Vaccines. 2021;6(1):2.
16 https://doi.org/10.1016/j.iotech.2023.100695
87. Irvine DJ, Read BJ. Shaping humoral immunity to vaccines through
antigen-displaying nanoparticles. Curr Opin Immunol. 2020;65:1-6.

88. Nguyen B, Tolia NH. Protein-based antigen presentation platforms for
nanoparticle vaccines. NPJ Vaccines. 2021;6(1):70.

89. Zhang Y-N, Lazarovits J, Poon W, et al. Nanoparticle size influences
antigen retention and presentation in lymph node follicles for hu-
moral immunity. Nano Lett. 2019;19(10):7226-7235.

90. Wamhoff E-C, Ronsard L, Feldman J, et al. Enhancing antibody re-
sponses by multivalent antigen display on thymus-independent DNA
origami scaffolds. bioRxiv. 2022. https://doi.org/10.1101/2022.08.16.
504128.

91. Kay E, Cuccui J, Wren BW. Recent advances in the production of re-
combinant glycoconjugate vaccines. NPJ Vaccines. 2019;4(1):16.

92. Rappuoli R. Glycoconjugate vaccines: principles and mechanisms. Sci
Transl Med. 2018;10(456):eaat4615.

93. Pollard AJ, Perrett KP, Beverley PC. Maintaining protection against
invasive bacteria with proteinepolysaccharide conjugate vaccines.
Nat Rev Immunol. 2009;9(3):213-220.

94. Avci FY, Li X, Tsuji M, Kasper DL. A mechanism for glycoconjugate
vaccine activation of the adaptive immune system and its implica-
tions for vaccine design. Nat Med. 2011;17(12):1602-1609.

95. Bennett NR, Jarvis CM, Alam MM, et al. Modular polymer antigens to
optimize immunity. Biomacromolecules. 2019;20(12):4370-4379.

96. Shaheen S,Wan Z, Li Z, et al. Substrate stiffness governs the initiation
of B cell activation by the concerted signaling of PKCb and focal
adhesion kinase. eLife. 2017;6:e23060.

97. Wan Z, Zhang S, Fan Y, et al. B cell activation is regulated by the
stiffness properties of the substrate presenting the antigens.
J Immunol. 2013;190(9):4661-4675.

98. Zeng Y, Yi J,Wan Z, et al. Substrate stiffness regulates B-cell activation,
proliferation, class switch, and T-cell-independent antibody responses
in vivo. Eur J Immunol. 2015;45(6):1621-1634.

99. Haneef K, Ghaffar Memon A, Saleem R, Batool F, Sadeeq M. B cell
receptor (BCR) guided mechanotransduction: critical hypothesis to
instruct SARS-CoV-2 specific B cells to trigger proximal signalling and
antibody reshaping. Med Hypotheses. 2021;153:110640.

100. Xie W, Wucherpfennig K, Patel DJ. A structural platform for B cell
receptor signaling. Cell Res. 2023;33(2):95-96.

101. Chirivì M, Maiullari F, Milan M, et al. Tumor extracellular matrix
stiffness promptly modulates the phenotype and gene expression of
infiltrating T lymphocytes. Int J Mol Sci. 2021;22(11):5862.

102. Basu R,Whitlock BM, Husson J, et al. Cytotoxic T cells use mechanical
force to potentiate target cell killing. Cell. 2016;165(1):100-110.

103. Luo W, Conter L, Elsner RA, et al. IL-21R signal reprogramming co-
operates with CD40 and BCR signals to select and differentiate
germinal center B cells. Sci Immunol. 2023;8(80):eadd1823.

104. Akkaya M, Kwak K, Pierce SK. B cell memory: building two walls of
protection against pathogens. Nat Rev Immunol. 2020;20(4):229-238.

105. Kornbluth RS, Stempniak M, Stone GW. Design of CD40 agonists and
their use in growing B cells for cancer immunotherapy. Int Rev
Immunol. 2012;31(4):279-288.

106. Goodall CP, Schwarz B, Selivanovitch E, et al. Controlled modular
multivalent presentation of the CD40 ligand on P22 virus-like particles
leads to tunable amplification of CD40 signaling. ACS Appl Bio Mater.
2021;4(12):8205-8214.

107. Gu L, Ruff LE, Qin Z, Corr M, Hedrick SM, Sailor MJ. Multivalent
porous silicon nanoparticles enhance the immune activation potency
of agonistic CD40 antibody. Adv Mater. 2012;24(29):3981-3987.

108. Braham MVJ, van Binnendijk RS, Buisman A-MM, et al. A synthetic
human 3D in vitro lymphoid model enhancing B-cell survival and
functional differentiation. iScience. 2023;26(1):105741.

109. Tong C, Liang Y, Han X, et al. Research progress of dendritic cell sur-
face receptors and targeting. Biomedicines. 2023;11(6):1673.

110. Roth GA, Picece VCTM, Ou BS, Luo W, Pulendran B, Appel EA.
Designing spatial and temporal control of vaccine responses. Nat Rev
Mater. 2022;7(3):174-195.

111. Wculek SK, Cueto FJ, Mujal AM, Melero I, Krummel MF, Sancho D.
Dendritic cells in cancer immunology and immunotherapy. Nat Rev
Immunol. 2020;20(1):7-24.
Volume 21 - Issue C - 2024

http://refhub.elsevier.com/S2590-0188(23)00381-7/sref63
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref63
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref63
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref64
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref64
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref64
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref65
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref65
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref65
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref66
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref66
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref66
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref67
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref67
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref67
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref68
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref68
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref68
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref68
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref69
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref69
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref69
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref69
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref69
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref70
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref70
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref70
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref71
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref71
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref72
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref72
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref73
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref73
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref74
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref74
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref75
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref75
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref75
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref75
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref75
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref75
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref76
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref76
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref76
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref77
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref77
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref77
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref77
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref78
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref78
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref78
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref79
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref79
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref79
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref80
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref80
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref81
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref81
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref82
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref82
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref82
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref82
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref83
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref83
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref83
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref84
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref84
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref84
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref85
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref85
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref85
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref86
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref86
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref86
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref87
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref87
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref88
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref88
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref89
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref89
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref89
https://doi.org/10.1101/2022.08.16.504128
https://doi.org/10.1101/2022.08.16.504128
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref91
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref91
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref92
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref92
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref93
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref93
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref93
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref93
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref94
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref94
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref94
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref95
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref95
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref96
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref96
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref96
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref97
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref97
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref97
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref98
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref98
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref98
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref99
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref99
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref99
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref99
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref100
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref100
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref101
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref101
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref101
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref102
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref102
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref103
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref103
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref103
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref104
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref104
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref105
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref105
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref105
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref106
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref106
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref106
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref106
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref107
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref107
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref107
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref108
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref108
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref108
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref109
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref109
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref110
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref110
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref110
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref111
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref111
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref111
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695


H. Cui et al. Immuno-Oncology and Technology
112. Théry C, Amigorena S. The cell biology of antigen presentation in
dendritic cells. Curr Opin Immunol. 2001;13(1):45-51.

113. Hopp A-K, Rupp A, Lukacs-Kornek V. Self-antigen presentation by
dendritic cells in autoimmunity. Front Immunol. 2014;5:55.

114. Li Y, Liu D, Wang Y, Su W, Liu G, Dong W. The importance of glycans of
viral and host proteins in enveloped virus infection. Front Immunol.
2021;12:638573.

115. Tra VN, Dube DH. Glycans in pathogenic bacteria e potential for
targeted covalent therapeutics and imaging agents. Chem Commun.
2014;50(36):4659-4673.

116. Mnich ME, van Dalen R, van Sorge NM. C-type lectin receptors in host
defense against bacterial pathogens. Front Cell Infect Microbiol.
2020;10:309.

117. García-Vallejo JJ, Ambrosini M, Overbeek A, et al. Multivalent glyco-
peptide dendrimers for the targeted delivery of antigens to dendritic
cells. Mol Immunol. 2013;53(4):387-397.

118. Duinkerken S, Horrevorts SK, Kalay H, et al. Glyco-dendrimers as in-
tradermal anti-tumor vaccine targeting multiple skin DC subsets.
Theranostics. 2019;9(20):5797-5809.

119. Horrevorts SK, Duinkerken S, Bloem K, et al. Toll-like receptor 4 trig-
gering promotes cytosolic routing of DC-SIGN-targeted antigens for
presentation on MHC class I. Front Immunol. 2018;9:1231.

120. Cruz LJ, Tacken PJ, Fokkink R, et al. Targeted PLGA nano- but not
microparticles specifically deliver antigen to human dendritic cells via
DC-SIGN in vitro. J Control Release. 2010;144(2):118-126.

121. Cruz LJ, Tacken PJ, van der Schoot JMS, Rueda F, Torensma R,
Figdor CG. ICAM3-Fc outperforms receptor-specific antibodies tar-
geted nanoparticles to dendritic cells for cross-presentation. Mole-
cules. 2019;24(9):1825.

122. Zhang C, Shi G, Zhang J, et al. Targeted antigen delivery to dendritic
cell via functionalized alginate nanoparticles for cancer immuno-
therapy. J Control Release. 2017;256:170-181.

123. Bandyopadhyay A, Fine RL, Demento S, Bockenstedt LK, Fahmy TM.
The impact of nanoparticle ligand density on dendritic-cell targeted
vaccines. Biomaterials. 2011;32(11):3094-3105.

124. Carrillo-Conde B, Song E-H, Chavez-Santoscoy A, et al. Mannose-func-
tionalized “pathogen-like” polyanhydride nanoparticles target C-type
lectin receptors on dendritic cells. Mol Pharm. 2011;8(5):1877-1886.

125. Chung EY, Liu J, Homma Y, et al. Interleukin-10 expression in macro-
phages during phagocytosis of apoptotic cells is mediated by home-
odomain proteins Pbx1 and Prep-1. Immunity. 2007;27(6):952-964.

126. Krüger CL, Zeuner M-T, Cottrell GS, Widera D, Heilemann M. Quan-
titative single-molecule imaging of TLR4 reveals ligand-specific re-
ceptor dimerization. Sci Signal. 2017;10(503):eaan1308.

127. Piazza M, Colombo M, Zanoni I, et al. Uniform lipopolysaccharide
(LPS)-loaded magnetic nanoparticles for the investigation of LPSe
TLR4 signaling. Angew Chem Int Ed. 2011;50(3):622-626.

128. Bernardi A, Jiménez-Barbero J, Casnati A, et al.Multivalent glycoconjugates
as anti-pathogenic agents. Chem Soc Rev. 2013;42(11):4709-4727.

129. Traini G, Ruiz-de-Angulo A, Blanco-Canosa JB, et al. Cancer immuno-
therapy of TLR4 agonisteantigen constructs enhanced with
pathogen-mimicking magnetite nanoparticles and checkpoint
blockade of PD-L1. Small. 2019;15(4):1803993.

130. Son S, Nam J, Kim AS, et al. Induction of T-helper-17-cell-mediated
anti-tumour immunity by pathogen-mimicking polymer nano-
particles. Nat Biomed Eng. 2023;7(1):72-84.

131. Zhu J, Cai C, Li J, Xiao J, Duan X. CD47-SIRPa axis in cancer therapy:
precise delivery of CD47-targeted therapeutics and design of anti-
phagocytic drug delivery systems. Med Drug Discov. 2022;15:100139.
Volume 21 - Issue C - 2024
132. Andrechak JC, Dooling LJ, Discher DE. The macrophage checkpoint
CD47 : SIRPa for recognition of ‘Self’ cells: from clinical trials of
blocking antibodies to mechanobiological fundamentals. Philos Trans
R Soc B Biol Sci. 2019;374(1779):20180217.

133. Ha B, Lv Z, Bian Z, Zhang X, Mishra A, Liu Y. ‘Clustering’ SIRPa into the
plasma membrane lipid microdomains is required for activated
monocytes and macrophages to mediate effective cell surface in-
teractions with CD47. PLOS ONE. 2013;8(10):e77615.

134. Lv Z, Bian Z, Shi L, et al. Loss of cell surface CD47 clustering formation
and binding avidity to SIRPa facilitate apoptotic cell clearance by
macrophages. J Immunol. 2015;195(2):661-671.

135. Jalil AR, Hayes BH, Andrechak JC, Xia Y, Chenoweth DM, Discher DE.
Multivalent, soluble nano-self peptides increase phagocytosis of
antibody-opsonized targets while suppressing “Self” signaling. ACS
Nano. 2020;14(11):15083-15093.

136. Guilliams M, Bruhns P, Saeys Y, Hammad H, Lambrecht BN. The
function of Fcg receptors in dendritic cells and macrophages. Nat Rev
Immunol. 2014;14(2):94-108.

137. Pacheco P, White D, Sulchek T. Effects of microparticle size and Fc
density on macrophage phagocytosis. PLOS ONE. 2013;8(4):
e60989.

138. Bakalar MH, Joffe AM, Schmid EM, Son S, Podolski M, Fletcher DA.
Size-dependent segregation controls macrophage phagocytosis of
antibody-opsonized targets. Cell. 2018;174(1):131-142.e13.

139. Kern N, Dong R, Douglas SM, Vale RD, Morrissey MA. Tight nanoscale
clustering of Fcg receptors using DNA origami promotes phagocy-
tosis. eLife. 2021;10:e68311.

140. Kappel C, Seidl C, Medina-Montano C, et al. Density of conjugated
antibody determines the extent of Fc receptor dependent capture of
nanoparticles by liver sinusoidal endothelial cells. ACS Nano.
2021;15(9):15191-15209.

141. Neo SY, Jing X, Tong L, et al. Tumor MHC class I expression alters
cancer-associated myelopoiesis driven by host NK cells. J Immunother
Cancer. 2022;10(10):e005308.

142. Gauthier L, Morel A, Anceriz N, et al. Multifunctional natural killer cell
engagers targeting NKp46 trigger protective tumor immunity. Cell.
2019;177(7):1701-1713.e16.

143. Robinett RA, Guan N, Lux A, Biburger M, Nimmerjahn F, Meyer AS.
Dissecting FcgR regulation through a multivalent binding model. Cell
Syst. 2018;7(1):41-48.e5.

144. Bryceson YT, March ME, Ljunggren H-G, Long EO. Synergy among
receptors on resting NK cells for the activation of natural cytotoxicity
and cytokine secretion. Blood. 2006;107(1):159-166.

145. Xu M, Wen Y, Liu Y, et al. Hollow mesoporous ruthenium nano-
particles conjugated bispecific antibody for targeted anti-colorectal
cancer response of combination therapy. Nanoscale. 2019;11(19):
9661-9678.

146. Au KM, Park SI, Wang AZ. Trispecific natural killer cell nano-
engagers for targeted chemoimmunotherapy. Sci Adv. 2020;6(27):
eaba8564.

147. Gleason MK, Ross JA,Warlick ED, et al. CD16xCD33 bispecific killer cell
engager (BiKE) activates NK cells against primary MDS and MDSC
CD33þ targets. Blood. 2014;123(19):3016-3026.

148. Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA,
Langer R. Engineering precision nanoparticles for drug delivery. Nat
Rev Drug Discov. 2021;20(2):101-124.

149. Shi Y. Clinical translation of nanomedicine and biomaterials for cancer
immunotherapy: progress and perspectives. Adv Ther. 2020;3(9):
1900215.
https://doi.org/10.1016/j.iotech.2023.100695 17

http://refhub.elsevier.com/S2590-0188(23)00381-7/sref112
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref112
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref113
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref113
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref114
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref114
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref114
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref115
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref115
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref115
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref115
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref116
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref116
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref116
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref117
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref117
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref117
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref118
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref118
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref118
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref119
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref119
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref119
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref120
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref120
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref120
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref121
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref121
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref121
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref121
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref122
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref122
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref122
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref123
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref123
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref123
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref124
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref124
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref124
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref125
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref125
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref125
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref126
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref126
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref126
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref127
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref127
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref127
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref128
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref128
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref129
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref129
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref129
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref129
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref129
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref130
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref130
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref130
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref131
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref131
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref131
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref132
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref132
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref132
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref132
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref133
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref133
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref133
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref133
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref134
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref134
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref134
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref135
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref135
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref135
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref135
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref136
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref136
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref136
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref137
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref137
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref137
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref138
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref138
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref138
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref139
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref139
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref139
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref140
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref140
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref140
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref140
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref141
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref141
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref141
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref142
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref142
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref142
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref143
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref143
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref143
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref144
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref144
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref144
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref145
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref145
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref145
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref145
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref146
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref146
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref146
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref147
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref147
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref147
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref147
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref148
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref148
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref148
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref149
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref149
http://refhub.elsevier.com/S2590-0188(23)00381-7/sref149
https://doi.org/10.1016/j.iotech.2023.100695
https://doi.org/10.1016/j.iotech.2023.100695

	Biomaterials-mediated ligation of immune cell surface receptors for immunoengineering
	Introduction
	T-cell surface receptors
	TCR
	Co-stimulatory receptor

	B-cell surface receptors
	BCR
	CD40

	Dendritic cell surface receptors
	C-type lectin receptor (CLR)
	TLR4

	Macrophage surface receptors
	SIRPα
	Fcγ receptor

	Natural killer cell surface receptors
	Conclusion
	Funding
	Disclosure
	References


