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Abstract

The immune system protects organisms against endogenous
and exogenous harm and plays a key role in tissue develop-
ment, repair and regeneration. Traditional immunomodulatory
biologics exhibit limitations including degradation by enzymes,
short half-life and lack of targeting ability. Encapsulating or
binding these biologics within biomaterials is an effective way
to address these problems. Hydrogels are promising immuno-
modulatory materials because of their prominent biocompati-
bility, tuneability and versatility. However, to take advantage of
these opportunities and optimize material performance, it is
important to more specifically elucidate, and leverage on, how
hydrogels affect and control the immune response. Here, we
summarize how key physical and chemical properties of hydro-
gels affect the immune response. We first provide an overview
of underlying steps of the host immune response upon expo-
sure to biomaterials. Then, we discuss recent advances in
immunomodulatory strategies where hydrogels play a key role
through (i) physical properties including dimensionality, stiff-
ness, porosity and topography; (ii) chemical properties includ-
ing wettability, electric property and molecular presentatio-
n;and (iii) the delivery of bioactive molecules via chemical or
physical cues. Thus, this review aims to build a conceptual and
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practical toolkit for the design of immune-instructive hydrogels capable of modulating the host immune response.
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Introduction
The immune system and immunomodulation

The immune system is the main line of defence that protects organ-
isms against external challenges, such as infection caused by
pathogens and internal ones, such as malignant cell phenotypes as
a result of gene mutations. In such situations, the immune system
is able to quickly respond to environmental stimuli to maintain
immune homeostasis, which is critical for tissue development, re-
pair and regeneration [1-3].

Diverse factors, such as age, genetics, infections and lifestyle
can bring about hypoactive or hyperactive immune activity.
These exaggerated immune responses often serve as the basis of

immune-related diseases or even acute inflammatory reactions.
In order to restore immune homeostasis to enhance tissue regen-
eration or promote healing post-tissue damage, there is increasing
interest to find ways to control the immune response [4]. The
main objective of immunomodulation is to either increase im-
mune activity in hypoactive immune conditions, such as cancer
and chronic infection, or decrease immune activity to withstand
hyperactive immune response in inflammatory diseases including
autoimmune disorders, allergy and transplant rejection. To
achieve this, a large number of immunomodulatory biologics have
been developed, including cytokines, antibodies, peptides, nucleic
acids and drugs [5-7]. These biologics, however, are usually
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detrimental in systemic administration, enzymatically degraded,
have short half-life, diffuse in body fluids leading to diluted action
concentration and lack targeting ability. These weaknesses lead
to increased dosage and frequency of use, posing a series
of unwanted adverse reactions including cytokine release syn-
drome, immunogenicity, infections, hypersensitivity and malig-
nancy [5, 8.

Hydrogels for immunomodulation

The efficiency and biocompatibility of immunomodulatory bio-
logics can be significantly improved through binding to or encap-
sulation within biomaterials. This approach provides protection
from enzymatic degradation, excessive available concentration
in target tissue and reduced adverse reactions. For example,
when covalently bound to poly(amidoamine) dendrimer nano-
particles, methotrexate exhibited increased anti-inflammatory
effects [9]. In addition, liposomal encapsulation enhanced pred-
nisolone therapeutic potency to treat autoimmune encephalo-
myelitis, evidenced by the need for reduced dosages and
application frequency [10]. Nevertheless, systematic administra-
tion of these nanomaterials, with or without target moieties, can-
not guarantee their arrival to intended site, and locally injected
nanomaterials may rapidly drain away from target site due to
their small size. Macro-scale materials can address these issues.
Up to now, many macro-scale biomaterials, including implant-
able and injectable biomaterials, have been designed to deliver
immunomodulatory biologics for cancer immunotherapy and tis-
sue repair [11, 12]. Among them, hydrogels, highly hydrated 3D
cross-linked polymer or colloidal networks, are increasingly at-
tractive biomaterials for a variety of biomedical applications.
Given their high water content to emulate hydrated physiological
environments and their versatility to be responsive, injected and
biodegraded, hydrogels are promising candidates for designing
immunomodulatory materials [13, 14]. As carriers, hydrogels
loaded with immunomodulatory biologics could effectively regu-
late immune responses to promote tissue regeneration, prevent
tumour growth and ameliorate immune-related pathologies [15-
17]. However, there has been increasing interest to use cargo-free
hydrogels as immunomodulators [18, 19], which are generating
promising results [20, 21]. Nonetheless, to rationally design
hydrogels with tunable immunomodulatory properties, it is criti-
cal to investigate and dissect confounding factors implicated in
these studies, such as dimensionality, stiffness and topography.

It is well documented that cell response can be modulated
through the microenvironmental cues presented by biomaterials
[22, 23]. Hydrogels are particularly well positioned to be molecu-
larly designed to signal cells through specific physical [24] and
chemical [25] properties and their combination [26, 27] to control
a variety of cell behaviours, such as adhesion, migration, prolifer-
ation and differentiation [28-31]. This opportunity is driving
advances in hydrogel design and growing interest to use them
not only to control cell growth [32, 33] but also to coordinate the
behaviour of multiple cell types towards the generation of more
complex spheroids [34, 35] and organoids [36]. However, their use
to systematically investigate the effect of these properties on the
behaviour of immune cells has been less explored, which repre-
sents an exciting opportunity to design immune-instructive
hydrogels that can selectively enhance or reduce immune activ-
ity [37, 38].

As aforementioned, hydrogels are versatile materials enabling
fine tuneability of their properties. Physical properties of hydrogels
alter with the change of synthesis conditions. As a kind of 3D (di-
mensionality) scaffold, hydrogels provide cells with a simplified

version of natural tissue environment in favour of cell survival
[39]. Through regulating the concentration and type of cross-
linker, hydrogels with different elasticity modulus (stiffness) and
pore sizes (porosity) are synthesized [40]. Taking advantage of spe-
cial templates, different patterns (topography) in micro- or nano-
scale on the surface of the hydrogels are acquired [41-43]. Besides
these physical properties, chemical properties are of equal impor-
tance and provide another opportunity to design and optimize
hydrogels. Through grafting with relevant molecules, hydrogels
can become hydrophilic or hydrophobic (wettability) [44]. In addi-
tion, hydrogels generally bear charges (electric property), which
can be regulated by surface modification [45]. Moreover, distinct
bioactive groups and molecules (molecular presentation) pre-
sented by hydrogels depending on their components, may affect
cell behaviours [46]. Therefore, optimizing these properties and
understanding their relationship with the immune response will
contribute to developing immune-instructive hydrogels for bio-
medical application.

Objective of the review

Here, we aim to highlight current progress on the design of hy-
drogel materials for immunomodulation with a particular focus
on the role of physical and chemical properties. For review
articles focused on specific biological applications, the reader is
referred to excellent reports by Singh et al. [6] and Wei et al. [14].
The review is divided in four sections (Fig. 1). First, a brief descrip-
tion of underlying events of the host immune response to
implanted biomaterials is presented. Then, the main body of the
review focuses on immunomodulatory strategies based on: (i)
regulation of physical properties of hydrogels including dimen-
sionality, stiffness, porosity and topography; (ii) modulation of
chemical properties of hydrogels including wettability, electric
property and molecular presentation; and (iii) delivery of bioac-
tive molecules via physical or chemical cues. In this manner, we
aim to provide an overview of how hydrogels interact with the
immune system and build a practical toolbox for immune-
informed biomaterials design.

Brief review of the immune response to
biomaterials

The immune system is composed of innate and adaptive systems
that unceasingly surveil the organism to detect tissue insult, path-
ogen invasion or foreign bodies. A number of humoral and cellular
factors from both types of immune systems including neutrophils,
macrophages, dendritic cells (DCs) and lymphocytes, as well as
cytokines secreted by these cells, are implicated in delivering an
effective immune response. These factors interact with biomateri-
als spatio-temporally, triggering foreign-body reaction (FBR) in
which a cascade of inflammation events give rise to fibrosis, cellu-
lar and collagenous deposition that encapsulates the implant [47].
Depending on the type of factors involved in the host response,
the ultimate result of the FBR can be chronic inflammation or
wound healing [38]. Here, we will briefly summarize the current
understanding of immune events taking place as a result of bio-
material implantation (Fig. 2).

Protein absorption initiates the immune response
to biomaterials

Upon any kind of biomaterial implantation, an immune response is
activated. Proteins from blood and interstiial fluids can non-
specifically absorb to the biomaterial surface within nanoseconds
after implantation [48]. In this scenario, biomaterial properties, such
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Figure 2. [llustration of the basic stages of the immune response to biomaterials

as surface chemistry, play a key role in defining the types and quan-
tities of absorbed proteins. For example, Factor XII, the initiator of
the coagulation cascade, is activated by contact with negatively
charged substrates, which results in the release of thrombin [49].
This thrombin release can activate platelets that in turn release
mediators of the coagulation pathway including prothrombinases
that assemble and become activated on the surface of activated pla-
telets [50, 51]. Then, thrombin formation arises, leading to further
activation of platelets and coagulation factors, which amplify the co-
agulation cascade [51]. Besides thrombin, absorbed fibrinogen and
tissue factors as well as complement also serves as adhesion

substrate for platelets and induce activation of the attached plate-
lets, which urge the formation of fibrin-rich clot [52-54]. As the depot
of cytokines and growth factors, the clot serves as transient provi-
sional matrix for cell adhesion and migration, and provides signals
for initiating inflammation and wound healing [55].

Neutrophil activation by biomaterials

Following protein absorption, neutrophils are recruited at the im-
plantation site within hours and dominate the immune response
for the first 2 days [56]. The neutrophil phagocytic response and
degranulation are triggered upon protein-biomaterial contact, in
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which they secret a series of proteolytic enzymes and reactive oxy-
gen species (ROS) with pathogen killing effect [57, 58]. These cata-
lytic molecules and radicals may also damage the biomaterial
as investigated in hydrogel degraded by elastase [59].
Simultaneously, neutrophil extracellular traps (NETs), a ‘sticky
network’ of granular protein, elastase, chromatin DNA and histo-
nes from neutrophils, usually result in overproduction of a dense
fibrotic matrix [60-62]. The excessive release of NETs will prevent
integration between tissue and biomaterial, restraining the
wound-healing process [62, 63]. Furthermore, neutrophils also re-
lease various cytokines to regulate host response, such as
interleukin-8 (IL-8), activating neutrophils themselves, MCP-1 and
MIP-1B, potent chemoattractants and activation factors for mono-
cytes, macrophages, DC and lymphocytes [64].

Monocyte differentiation and macrophage
polarization by biomaterials

After neutrophil apoptosis, monocytes become the predominant
cell type in the immune response. By secreting IL-1, IL-8, MCP-1,
and MIP-1B, more monocytes are recruited at the implantation
site and subjected to phenotypic conversion towards macro-
phages [64, 65]. These cells play an essential role in inflammation
and tissue regeneration by releasing inflammatory mediators, tissue
reorganization-related enzymes (e.g. metalloproteases) and fibro-
blast migration and proliferation-related cytokines and growth fac-
tors [66]. According to differences in their functions, macrophages
are typically classified into two categories, referred to as classically
activated (M1) and alternatively activated (M2) macrophages [67].
The term ‘macrophage polarization’ is used to describe this specific
differentiation modality. M1 polarization is induced by stimulation
of interferon-y (IFNy) from natural killer cells or T helper 1 (Th1)
cells and TNFa from DCs, causing secretion of inflammatory cyto-
kines such as induced nitric oxide synthase (INOS), TNFa and IL-12
(68, 69]. These cytokines facilitate inflammation and recruit lympho-
cytes implicated in adaptive immunity [68]. On the other hand, IL-4
generated by granulocytes and Th2 cells as well as IL-10 generated
by monocytes trigger M2 polarization [68, 70]. These M2 macro-
phages initiate down-regulation of inflammation, promotion of
wound healing and generation of new blood vessels through deposi-
tion of extracellular matrix (ECM) and cell proliferation [68, 70].
However, sustained activation of both M1 and M2 macrophages
could trigger tissue damage or fibrosis, respectively [71]. In addition,
macrophages also affect immune responses through phagocytosis
of foreign materials. If the foreign material persists, macrophages
further differentiate and eventually fuse into foreign-body giant cells
(FBGCs) comprising up to 100 nuclei [47]. These cells can create a fi-
brotic capsule around biomaterials, isolating them from the sur-
rounding tissue [72]. The polarization status of macrophages is not
constant and can be regulated by environmental cues [73, 74], which
is called macrophage repolarization [75, 76]. Due to their remarkable
plasticity and functionality, macrophages have become a hotspot in
the study of immunomodulation.

DC maturation and T lymphocyte activation by
biomaterials

In addition to the innate immune system, the adaptive immune
system is also involved in host response to biomaterials. DCs are
professional antigen presentation cells that bridge the innate and
adaptive immune systems (Fig. 2). Biomaterials based on non-
natural components, such as polymers, ceramics and metals, could
potentially compromise the maturation of DCs, which exhibit a tol-
erogenic phenotype and induce T-cell tolerance [77]. In contrast,
biomaterials based on natural building-blocks, such as collagen,

chitosan, agarose, hyaluronic acid (HA) and alginate can promote
DCs maturation and activation [78-80]. These matured DCs pro-
mote T lymphocyte proliferation and secretion of inflammatory
cytokines (TNFa and IL6), which amplify DC maturation [81]. Based
on this DCs maturation, biomaterials, particularly hydrogels, are
used as adjuvant for vaccine design [82, 83]. Interestingly, T lym-
phocytes respond to not only DCs but also macrophages, to whom
they exhibit an intimate relation in biomaterial-triggered immune
events. In fact, T lymphocytes can attach primarily to macrophages
and promote adhesion and fusion of macrophages [84] as well as
regulate macrophage polarization. The macrophage phenotype
switch from M1 to M2 can be achieved through cytokine profile
changes from Th1 to Th2 cell type, indicating that T lymphocytes
are also potent targets for inflammation resolution and tissue re-
generation [85]. In addition, T lymphocytes and macrophages can
together release inflammatory mediators, which recruit inflamma-
tory effector cells. These inflammatory factors, then decrease over
time and are replaced by factors for ECM remodeling in wound
healing [86-88]. These studies provide solid evidence for the ability
of T lymphocyte-macrophage interactions to direct the inflamma-
tory phase of FBR.

In summary, biomaterial design should take into account the
activation of both innate and adaptive immune cells and further
intricate cross-talk between cellular and soluble immune compo-
nents. Consequently, the potential biocompatibility and tuneabil-
ity of physicochemical properties make hydrogels promising
tools for immune-instructive programming.

Immune-instructive hydrogels by modulating
physical and chemical properties

Hydrogels offer the possibility to tailor their physicochemical
properties. In this section, we discuss how desired immunomodu-
lation can be designed through regulation of physical and chemi-
cal properties of hydrogels. Here, we define ‘physical properties’
as structural and mechanical properties including dimensionality
(2D or 3D), stiffness, porosity and topography; while ‘chemical
properties’ is defined as chemical composition including wetta-
bility, electrical properties and molecular presentation (Fig. 3).

Physical properties

Clues to modulate biological responses through physical properties
are present in nature [28]. For instance, the shape of bacteria, such
as spheres, rods or spirals, influence their infection ability and rec-
ognition by mammalian immune system [89] while the stiffness of
the ECM plays a key role in cancer progression, with e.g. high stiff-
ness predicting poor prognosis in women with invasive breast can-
cer [90, 91]. These and many other examples suggest that physical
environmental features can affect and even regulate immune
responses. In this sub-section, we discuss how the physical proper-
ties of hydrogels can modulate immune responses.

Dimensionality

Dimensionality affects cell morphology

In natural tissues, cells reside in a complex 3D milieu provided by
the ECM and adjacent cells. Hydrogels can be regarded as a sim-
ple version of a tissue microenvironment and the simple modifi-
cation of growing on or within them can have drastic effects.
Similar to other cells, immune cells cultured on and within 3D
hydrogels exhibit distinct responses. For example, neutrophils
growing within matrigel displayed multiple leading edge F-actin
rich pseudopods, which was different from cells on 2D plastic
surface exhibiting a single broad leading edge containing F-actin
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Figure 3. Summary of the key physical and chemical properties of hydrogels that can be used to design and control immunomodulation

and a uropod [92]. Also, monocyte morphology was drastically
different when grown on 2D non-coated tissue culture plastic
(TCP) exhibiting spread shapes of ~40-50 um in diameter within
3D collagen matrices they displayed rounded shapes with diame-
ters of ~20-30 um (Fig. 4a—c) [93].

Dimensionality affects monocyte differentiation and mac-
rophage polarization

In addition to morphology, differentiation of monocytes and fur-
ther macrophage polarization are also influenced by dimension-
ality. Without additional stimulus, human monocyte cells THP-1
growing in 3D gel-like environments, but not on 2D glass, could
differentiate into macrophages with positively expressed CD68
(marker of macrophage) as well as increased NO and ROS produc-
tion (Fig. 4d) [94]. This spontaneous differentiation was indepen-
dent of gel composition and induced by a positive feedback loop
associated to adhesion, which is mediated through NF-«p path-
way activation. As for macrophages growing within 3D hydrogels,
the response of macrophages could be indefinite. All the M1
markers (INOS, COX2 and TNFa) of macrophage within 3D poly(-
ethylene glycol) (PEG) hydrogel were up-regulated compared to
those of cells growing on 2D [95]. While macrophages in 3D
lymph node extracellular matrix (LNEM) hydrogel were more ef-
fectively induced into M2 than those on 2D LNEM coating, with
elongated morphology and enhanced M2 marker expression and
anti-inflammatory cytokines production [96]. These inconsistent
results from different research could be attributed to the varia-
tion of hydrogel composition. Addition of extra stimulation
results in a prominently different cell response in 3D environ-
ment. Friedemann et al. [93] prepared 3D collagen network to in-
vestigate the macrophage phenotype change exposed to an
inflammatory microenvironment established by GM-CSF and li-
popolysaccharide (LPS). The cytokine profile revealed that
markers of both M1 (IL-12 and TNFa) and M2 (IL-10) were higher
in cells growing on 2D matrices compared to those growing in 3D.
When the ratio of IL-10 to IL-12 was used as criterion of M2 polar-
ization, however, cells in the 3D network displayed a higher po-
larization tendency towards a M2 phenotype.

Dimensionality for immunomodulation in biomedical
applications

Given the 3D tissue-like environment that hydrogels offer, they
have been used with organoids to reprogram the function of
existing immune tissues and for immunotherapies [97].
Recently, germinal centre (GC)-like structures were created us-
ing 3D hydrogels encapsulating B cells and fibroblasts (Fig. 4e)
[98, 99]. The 3D structures (but not the 2D setup) promoted B-
cells proliferation and differentiation to GC phenotype (B220"
Fas®™ GL7%) and induced antibody class switching from IgM to
IgG1 and IgE (Fig. 4f-i). Although secretion of antibodies can be
induced, these GC-like structures did not produce antigen-
specific antibodies. To solve this problem, Nichols et al. [100]
developed an artificial bone marrow (BM) environment
utilizing a hydrogel inverted colloidal crystal (ICC) scaffold
seeded with haematopoietic stem cells (HSCs) and BM stromal
cells. In this case, the 3D scaffold elevated HSC proliferation
and differentiation to B cells compared to the 2D condition.
When exposed to a heat-killed virus, these cells matured
and released antigen-specific antibodies. These studies indi-
cate that the three-dimensionality provided by the hydrogels
is important to recreate key natural processes of immune cell
development.

Overall, the 3D environment enabled by hydrogels provides
cells with a biomimetic environment analogous to those of natu-
ral tissues, which have influence on cell morphology, monocyte
differentiation and macrophage polarization.

Stiffness

Stiffness in tissue development and regeneration

Stiffness is defined as the ability of the material to resist defor-
mation in response to an applied force [101]. It has become in-
creasingly evident that most of cellular events of an organism,
from early embryogenesis to tissue repair, are all influenced or
regulated to some extent by tissue stiffness [102]. Therefore, tis-
sue engineering or regenerative strategies must consider bioma-
terial stiffness as a key design parameter to match that of the
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Figure 4. Dimensionality of hydrogels regulates immune cell behaviour. (a-c) Morphology of monocytes on TCPs (a), dense 2D collagen matrices (b), and
3D collagen networks (c). Adapted with permission from Ref. [93]. (d) Immunofluorescence images of THP-1 cells for CD68 and CD35 cultured in
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local biological tissue and properly signal cells. Although hydro-
gels are generally considered as soft materials, their stiffness can
be enhanced through different mechanisms, such as increased
concentrations or via the use of cross-linkers.

Stiffness affects neutrophils

At the onset of the FBR, neutrophils migrate to reach the inflam-
mation site, a process within which they respond to the stiffness
of the surrounding environment. Investigating this process, poly-
acrylamide hydrogels with different stiffness prepared via vary-
ing percentage of acrylamide and bis-acrylamide were used to
study the adhesion and migration of neutrophils [103]. In this
case, cell spreading was directly related to gel stiffness, with
stiffer gels inducing larger spreading area. During migration, cells
on soft gels (5 kPa) displayed higher speeds but moving in random
directions, while on rigid gels (100kPa) cells migrated slower but
with higher directional persistence. It should be noted that the di-
rectional migration of neutrophils is trigged by response to che-
mokines in vivo [104]. Jannat et al. [105] investigated the response
of neutrophils on hydrogels with different stiffness under well-
defined chemotactic gradients generated by a microfluidic device
emulating the in vivo scenario (Fig. 5a-e). The results demon-
strated that neutrophils growing on stiff (12 kPa) hydrogels were
better suited to perceive chemoattractant gradients, which
resulted in asymmetrical distribution of traction forces and fur-
ther induction of neutrophil polarity compared to soft (2kPa)
hydrogels. The team found that soft hydrogels weakened the

neutrophil response to the chemoattractants and proposed that
the absence of perception related to B2 integrin signaling.

Stiffness affects macrophages

The stiffness of hydrogels also affects the behaviour of macro-
phages. Cells on soft hydrogels maintained round shapes and dis-
played rapid migratory behaviours in a ROCK-dependent,
podosome-independent manner. In contrast, cells on stiff hydro-
gels exhibited more spread morphologies with protruding filopo-
dia and slower ROCK-independent but podosome-dependent
migratory manner (Fig. 5f-n) [106, 107]. Another way in which
stiffness affects macrophages is in their capacity to phagocytose.
High levels of phagocytosis were observed in cells growing on soft
hydrogels, while those on stiff ones exhibited a significant de-
crease in phagocytosis (Fig. 50-q) [107]. This effect is also impor-
tant because phagocytosis of macrophages is closely related to
their polarization status. Numerous groups have studied the rela-
tion between macrophage polarization and hydrogels stiffness by
controlling concentration or taking advantage of cross-linker,
though the stiffnesses tested varied widely among the studies. In
general, soft hydrogels have been found to induce M2 polariza-
tion, with enhanced secretion of IL-10, CD206 and Arg-1; while
cells growing on stiff hydrogels were inclined to M1 polarization,
expressing high levels of IL-1B, TNFo, CXCL11 and CCL20 (Fig. 51)
[107-110]. This regulatory effect of stiffness on macrophage po-
larization can be retained in inflammation microenvironment. As
a potent agonist for M1 polarization, LPS induced increased
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Figure 5. Stiffness of hydrogels regulates immune cell response. (a—c) Neutrophil traction stress maps on stiff hydrogels (12 kPa) in response to a
uniform solution of chemoattractant fMLP (a), a shallow gradient of fMLP (b), and a steep gradient of fMLP (c). (d-e) Neutrophil traction stress maps on
soft hydrogels (2 kPa) in response to a uniform solution of fMLP (d) and a steep gradient of fMLP (e). Adapted with permission from Ref. [105]. (f-k) Spatial
localization of a, integrins (f-h) and F-actin (i-k) in macrophages cultured on 130 (f, i), 240 (g, j), and 840 (h, k) kPa PEG-RGD gels for 48 h. Adapted with
permission from Ref. [106]. (I-n) Confocal microscopy images of macrophages seeded in soft (1), medium (m), and stiff (n) gels. Actin cytoskeleton is
represented in green, vinculin in red, and cell nuclei in blue. (0-q) Confocal microscopy images of macrophage phagocytosis of 1 mm latex beads in soft
(0), medium (p), and stiff (q) gels. (r) Expression of polarization markers (Il-1b, tnf-a, and iNOS were used as the M1-polarized markers, whereas arg, CD
206, and 11-10 were used as the M2-polarized markers) of macrophages encapsulated in gels with different stiffness levels. Adapted with permission

from Ref. [107].

expression of M1 markers in macrophages growing on both soft
and stiff hydrogels. However, cells on soft hydrogels revealed a
much lower level of increase than those on stiff hydrogels [106,
107]. More importantly, M2 markers still enhanced in cells grow-
ing on soft hydrogels under this inflammatory condition, suggest-
ing the preference for M2 polarization. Identical with these
investigations in vitro, soft hydrogels exhibited weak FBR in a sub-
cutaneous implantation model, displaying an encapsulated thin
layer of macrophages and a dense thin fibrous collagen capsule.
In contrast, stiff hydrogels were surrounded by a large dense acti-
vated macrophage layer, which was encompassed by loose and
disordered fibrous networks, indicating a stronger FBR [106].

Stiffness affects adaptive immune cells

In addition to innate immune cells, adaptive immune cells also
respond to stiffness. Polyacrylamide gels with different stiff-
nesses were used to study activation of T lymphocytes [111, 112].
Compared with soft gels, stiff gels remarkably enhanced cell
spreading and faster migrations with higher mean instantaneous
velocities and longer maximum distances travelled. Furthermore,
the gene expression and metabolism of T lymphocytes can be reg-
ulated by stiffness too. Cells on stiff gels expressed pronouncedly
higher levels of IL-12, IL-22 and IFN-vy, and exhibited increased gly-
colytic switch, which consist with the fact that T lymphocytes

exhibit a metabolic status of aerobic glycolysis upon activation
[113]. Further studies revealed that this stiffness-mediated activa-
tion of lymphocytes is strongly associated with CD3 signalling
[111, 112]. The activation of B lymphocytes is also regulated by
stiffness. For example, Wan et al. [114] reported that B lymphocytes
encountering an antigen-coated polyacrylamide gel with high stiff-
ness exhibited much stronger activation. On the stiffer gel, more
accumulated B-cell receptors (BCRs), phospho-spleen tyrosine
kinase and phospho-tyrosine molecules were observed in the
immunological synapse, as well as higher expression of the B-cell
activation marker CD69 in the B lymphocytes. This mechanosens-
ing ability of B lymphocytes is mostly dependent on their microtu-
bule network, as proved by compromised B lymphocyte activation
through treatment of a microtubule polymerization inhibitor.

Stiffness for immunomodulation in biomedical applica-
tions

Taking advantage of the possibility to synthesize gelatin hydro-
gels with different stiffnesses, Purwada et al. [98] investigated the
effect of organoid stiffness on B-cell maturation. In order to
mimic the stiffness of the GC (~2.3 = 1kPa) where B cells prolifer-
ate and mature, the hydrogels were reinforced with silicate nano-
particles to exhibit a stiffness of 1.9 = 0.5kPa [115]. This stiffness-
mimicking hydrogel provided a favourable environment for B-cell
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survival, differentiation and antibody secretion. In addition, stiff-
ness also plays a key role in tissue engineering and tissue repair,
where multiple cell types can respond differently to different
stiffnesses. For example, it is now well known that stiff sub-
strates induce osteogenesis of mesenchymal stem cells (MSCs),
as well as M1 polarization of macrophages that will compromise
the osteogenic differentiation [31]. To achieve optimal bone re-
generation, He et al. [108, 116] prepared gelatin hydrogels with dif-
ferent stiffnesses and found that hydrogels of 60kPa exhibited
higher bone regeneration through synergistic effects arising from
osteogenic differentiation and M2 polarization.

Overall, these studies demonstrate that the stiffness of hydro-
gels could affect multiple immune cells including neutrophils,
macrophages and T and B lymphocytes. In general, softer hydro-
gels for the most part induce an immune tolerant or wound-
healing phenotypes, while stiffer hydrogels promote immune-
activated phenotypes.

Porosity
Porosity affects immune cell infiltration

In natural tissues, cells tend to reside within a porous ECM,
which provides geometrically confined spaces and facilitates
capturing of nutrients, diffusion of waste products and cell-cell
communication [117]. Hydrogels with porous structures have
been used to regulate immune cell responses, by enabling cell
infiltration deeply inside hydrogels with larger pores [118].
However, higher porosities do not necessarily lead to higher im-
mune cell infiltration. For example, degradable micro-scale
porogen was incorporated into hydrogels to increase porosity,
which lead to hydrogels with a 50% porogen fraction allowing
more DCs infiltration than that with 75% and 25% porogen frac-
tions [119]. Interestingly, these infiltrated DCs maintained an
immature phenotype, which opens the opportunity to be further
programmed by well-defined local cues. In contrast to micropo-
rous hydrogels, nanoporous ones could protect content from
immune responses by preventing immune cell infiltration. Pro-
inflammatory T lymphocytes were reported to block osteogene-
sis of MSCs through inducing apoptosis and down-regulating os-
teogenic factors [120]. Furthermore, Moshaverinia et al. [121]
developed an MSC-laden alginate hydrogel exhibiting an
average pore size of 600 nm by increasing cross-linker concen-
tration. The nanoporous hydrogel restrained infiltration of pro-
inflammatory T lymphocytes and their secreted cytokines,
which reduced MSC apoptosis and promoted bone regeneration
n vivo.

Porosity affects macrophage polarization

In addition to playing a role in cell migration and infiltration,
porosity can also affect cell phenotype. Hydrogels with different
pore sizes were implanted subcutaneously into mice to study the
FBR [122]. Porous hydrogels (34-um pore size) revealed a thinner
fibrotic capsule compared to non-porous one, which suggests a
mild FBR. However, macrophages infiltrated in the porous im-
plant exhibited enhanced M1 and reduced M2 marker expression,
which usually appear in severe FBR. This seemingly paradoxical
phenomenon merits further investigation. Another study from
the same group fabricated porous hydrogels by taking advantage
of polycarbonate core/poly (methyl methacrylate) shell template
that can be solubilized in dichloromethane. The hydrogels in a
myocardial implantation model caused a thinner collagen cap-
sule compared to non-porous hydrogels, with positive correlation
between pore size and capsule thickness [123]. Macrophages infil-
trated within the porous hydrogels expressed higher M2 marker,

with 40-um pore size hydrogels displaying the strongest effects
and contributing to angiogenesis. Hydrogels with varied pore
size can also be obtained through modulation of temperature
and concentration. These hydrogels both showed that larger
pore size had greater potential to guide M1 to M2 transition and
anti-inflammatory cytokines secretion compared with smaller
ones [124, 125]. The better anti-inflammatory effect of hydro-
gels could raise preferable angiogenic response in vitro and
blood vessel formation in vivo. Desired immunomodulation
effects can be achieved by simulating the porosity of natural tis-
sues. For example, Li et al. [126] fabricated hydrogels with po-
rous structures similar to a native adipose ECM. Using a rabbit
inguinal fat pads defect model, the porous hydrogel induced
macrophage infiltration and enhanced M2 polarization as well
as angiogenesis.

Overall, hydrogel porosity has been shown to have an immu-
nomodulatory effect through control of infiltration of immune
components, such as DCs, T lymphocytes and cytokines. In addi-
tion, porosity also has effects on macrophage polarization, but
results from different studies are inconclusive in terms of provid-
ing a clear effect pattern. Therefore, more research is needed to
systematically investigate this evident effect.

Topography

Topography affects immune response

Another strategy to modulate immune responses is through hy-
drogel surface topography. Micropatterned hydrogels prepared
by soft photolithography have been used to investigate macro-
phage responses [43] e.g. elucidating that immune cells align
along microgrooved-containing hydrogels compared to other
patterns or unpatterned hydrogels (Fig. 6a). Higher secretion of
the M2 marker IL-1RA and phagocytic activity were also
observed on cells growing on these microgrooved hydrogels
compared to cells growing on hydrogels comprising micropil-
lars. Besides micropatterns, nanopatterns also can modulate
immune responses. For example, Takahashi et al. [127] con-
structed nano-patterned hydrogels by utilizing silicon moulds.
Implanting the hydrogels in the back of rats triggered less
fibrotic capsule compared to hydrogels with smooth surfaces.
In addition, significantly less macrophage infiltration was
observed into the nano-patterned hydrogels compared to the
flat ones, which was attributed to a decreased cell adhesion on
nano-patterned hydrogels.

Topography for immunomodulation in biomedical appli-
cations

The possibility to trigger desirable immune responses solely
through surface topographies is a highly attractive alternative as
it avoids disturbing the delicate biochemical environment.
Colloidal crystals that can be removed in tetrahydrofuran were
used as template to prepare hydrogels. With open geometry, full
interconnectivity, high porosity and large surface area, the hydro-
gels exhibited topographies that resemble those of BM tissue. The
BM-mimicking hydrogels promoted B lymphocyte differentiation
and maturation from HSCs, exhibiting the capacity to generate
antigen-specific antibodies as a result of exposure to a virus
(Fig. 6b—d) [100]. Another example is the use of hydrogels as vac-
cines for antitumor immune responses [128]. In this effort, Xing
et al. developed a fibrous hydrogel comprising nanofibers having
a helical structure similar to fimbrial antigens that can elicit evi-
dent immune responses. Interestingly, the hydrogel was able to
induce strong T-cell responses to inhibit tumour growth without
antigens, immune regulatory factors or adjuvants. Immunogenicity
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40um

Figure 6. Topography of hydrogels regulates immune cell response. (a) Representative phase contrast images of human monocyte-derived macrophages
cultured on TCP controls and GelMA micropatterns: G, microgrooves/ridges; P, micropillars; U, unpattermed for 3 days. Scale bar, 100 pm. Adapted with
permission from Ref. [43]. (b-d) Cellular scaffolds with ICC topography. Scanning electron microscopy image of colloidal crystals made from 110-pum polystyrene
beads (b), and ICC scaffolds from silicate gel (c). (d) ICC scaffolds after 5 days in culture with BM stromal cells. Adapted with permission from Ref. [100].

of the hydrogel, however, was negligible, demonstrated by an insig-
nificant change in weight and organ index among different groups.
These results suggest a capacity to use parameters associated to
hydrogel structure as promising tools to manipulate immune
responses on demand.

Overall, while the immunomodulatory effects of hydrogel
structural properties are evident, there have been limited num-
bers of studies providing systematic investigations, which open
the possibility for discovery and improved design of hydrogel
materials. Nonetheless, hydrogels are soft materials, which make
it difficult to implement precise geometrical patterns on and
within these materials. Therefore, new technologies are needed
to facilitate incorporation of such structural features within
hydrogels.

Chemical properties

Cells in organisms are subjected to not only physical stimuli but
also inductive chemical signals, which affect a diverse set of cellu-
lar events, such as adhesion, migration, proliferation and differen-
tiation. The natural ECM provides cells with chemical simulating
factors that can regulate these cellular behaviours. For example, it
is known that fibronectin and laminin promote cell adhesion
through the amino acid sequence arginine-glycine-aspartic acid
(RGD) or isoleucine-lysine-valine-alanine-valine, respectively
[129]. Moreover, growth factors and soluble signals can be seques-
tered and activated by glycosaminoglycans (GAGs) and proteogly-
cans from ECM to affect cell behaviours [130]. These factors can
also be triggered e.g. via electrical stimulation that can cause pro-
tuberances on the presynaptic membrane of nerve terminals,
leading to the release of neurotransmitters [131]. Therefore, con-
trol of chemical signalling represents a powerful opportunity for
hydrogels to tailor the immune microenvironment. In this sub-
section, we highlight the significance of chemical properties of
hydrogels in immunomodulation.

Wettability

Depending on the chosen building-blocks, hydrogels can be hy-
drophilic or hydrophobic. It is widely recognized that surface wet-
tability regulates cell adhesion [132]. Macrophages on
hydrophobic polystyrene surface revealed an M2-like phenotype
but exhibited M1-like phenotype on hydrophilic O, plasma-
etched polystyrene surfaces [133]. Analogously, macrophages
have been reported to preferentially attach to hydrophobic sili-
cone surfaces but higher levels of expression of inflammatory
factors, such as TNFa and IL-1B have been observed on macro-
phages growing on hydrophilic PEG hydrogels [134]. However,
hydrogels and silicones are two entirely different materials with
many differences, which make this finding inconclusive as a re-
sult of confounding variables. Therefore, Xu et al. [44] fabricated
methacrylated gellan gum (MGG) hydrogels with different levels
of hydrophobicity by attaching hydrophobic alkyl branches to
MGG without changes in hydrogel stiffness and composition. In
this case, hydrophobic hydrogels promoted cell proliferation
and spreading, which may be associated with increased protein
absorption on hydrophobic surfaces [135]. The production of
cytokines associated with M1 and M2 phenotypes were
enhanced by cells growing on hydrophobic hydrogels, with M1
cytokine secretion being more pronounced, suggesting a classi-
cal phenotype shift of macrophages with increasing hydrogel
hydrophobicity. In addition, the function of macrophages
can also be tailored by gel wettability. For example, cells on
hydrophilic surfaces have been shown to exhibit lower phagocy-
tosis rates, evidencing the importance of hydrophobicity in
effective phagocytosis [136].

Electric property

Electrical signals are involved in almost all functions of living cells
and organisms [137, 138]. Physiological electrical fields existing in
injury sites have been proposed to play an essential role in wound
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healing [139, 140]. Furthermore, it has been reported that the sur-
face charge density of implants can influence amount and confor-
mation of absorbed proteins, which further affect immune
responses [141, 142]. Through the modification of functional
groups, hydrogels can be designed to display different surface
charges [143)]. Positively charged hydrogels have been found to in-
duce macrophage spreading, while negatively charged ones inhib-
ited spreading. In addition, the fusion of macrophages into FBGCs
was more obvious on positively charged hydrogels in comparison
with negatively charged one. This enhanced cell spreading and fu-
sion could be attributed to electrostatic interactions between the
positively charged hydrogel surface and negatively charged cell
membranes. Other than modification of functional groups, hydro-
gels with varied electric property also could be acquired by regu-
lating ratio of alginate (negative charged) and PEI (positive
charged) [144]. In a subcutaneous rat model, balanced charged
(neutral) hydrogel effectively mitigated FBR and delayed capsule
formation for at least 3-months, while positively charged one dis-
played the strongest stimulation effects (Fig. 7) [144]. Similarly, a
study using multidomain peptide (MDP) hydrogels reported that
positively charged MDP K,(SL)sK, and R,(SL)sR, peptides also eli-
cited pronounced FBR, characterized by multiple immune cells in-
filtration and high degree of collagen deposition [145]. In contrast,
negatively charged MDP Ey(SL)eE, and D,(SL)sD, were infiltrated
by tissue-resident macrophage at low extent and revealed no col-
lagen deposition, suggesting a low level of FBR.

Negative
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Molecular presentation

Hydrogels can be classified by various methods, such as cross-
linking property, preparation methods, degradability, sources,
and so on. In terms of sources, hydrogels can be fabricated from
both natural and synthetic materials for biomedical application.
Naturally-derived hydrogels, such as ECM, protein, peptides and
nucleic acids, are attractive because of their cell interactive and
cell signalling features, and biodegradability. However, their
shortcomings include difficulties in controlling structure and
degradation, low mechanical properties and potential contami-
nation from their source. On the other hand, hydrogels from syn-
thetic sources usually have controllable structural units, and
result in controllable degradation and mechanical properties, but
are short of bioactive moieties. Through controlling their chemi-
cal composition, hydrogels present various molecules or func-
tional groups to cells, which cause different immune responses.

Decellularized matrices affect immune response

It is widely recognized that the ECM contains natural immuno-
modulatory domains capable of binding to specific receptors
expressed on immune cells, which promote their adhesion and
regulate their function [146]. Therefore, ECM-based hydrogels
can be used as effective biomaterials to direct desirable immune
responses. Decellularized matrices are fabricated by removing
cells from tissue through detergents or other cell lysing pro-
cesses, while maintaining most ECM components. Using a
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Figure 7. Electric property of hydrogels regulates immune cell response. (a) Hydrogel preparation based on oppositely charger polyelectrolytes
assembly. (b—c) Inflammatory responses, capsule formation (b) and macrophage migration and infiltration (c) after subcutaneous implantation in mice.

Adapted with permission from Ref. [144].
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decellularized small intestinal submucosa (SIS), Sicari et al. [147]
demonstrated the capacity to promote M2 polarization of macro-
phages through the matrix composition rather than its structural
or mechanical properties, evidenced by high levels of Fizzl and
CD206 expression and reduced iNOS expression. Importantly, an-
other study demonstrated that the tissue source of decellularized
matrices can affect immune responses. As reported by Dziki et al.
[148], ECM from SIS, urinary bladder, brain, oesophagus, and co-
lon induced M2-like macrophage phenotypes (iNOS™/Fizz1"/
CD206™") while dermal ECM triggered M1-like phenotype (iINOS*/
Fizz17/CD2067) and liver and skeletal muscle ECM did not elicit
macrophage polarization (Fig. 8a). Furthermore, hydrogels made
from decellularized ECMs from porcine nerves were used to test
peripheral nerve repair in a rat sciatic nerve defect model and
found increased M2-like macrophage infiltration, suggesting
immunomodulation effects taking place during the nerve repair
process [149]. In another study on bone regeneration, periosteal
ECM was used to manufacture hydrogels [46] that induced
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macrophage migration and expression of CD206 and Argl, as
well as reduced iNOS and IL-1B expression in vitro. In a calvarial
defect model, the hydrogel triggered M1 to M2 transition of mac-
rophages by Day 3 after implantation, which provided an osteo-
genesis friendly environment to promote bone repair. While
decellularized ECM hydrogels are promising alternatives for tis-
sue regeneration, there remains an important challenge to accu-
rately control their molecular composition as well as potential
contaminant molecules, such as residual DNA or antigenic pro-
teins [150].

Molecularly designed matrixes affect immune response

In an effort to both recreate the functional complexity of the ECM
and control its composition, hydrogels based on ECM compo-
nents are being developed. For example, cross-linked gelatin (de-
natured collagen) modified with photosensitive methacryloyl
groups (GelMA) was used to fabricate collagen-based hydrogels
that promoted lower inflammatory factor TNFa expression by
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Figure 8. Molecular presentation of hydrogels regulates immune cell response. (a) Immunofluorescence of different ECM treated macrophage for M1
and M2 phenotype (iNOS and Fizz1, respectively). F4/80 was used as a pan macrophage marker. Adapted with permission from Ref. [148]. (b)
Immunofluorescence of macrophage encapsulated in PEGDA and GelMA hydrogels in the absence or presence of IL-4 for M1 and M2 phenotype (iNOS
and arginase-1, respectively). (c) Quantitative analysis of (b). Adapted with permission from Ref. [21]. (d) TNF-o production from RAW?264.7 cells after
addition of CpG X-DNA (CpG DNA) or CpG DNA hydrogels. (e-h) SEM images of DC2.4 cells before (e) and after addition of LPS (f), CpG DNA hydrogels (g),

or CpG-free DNA hydrogels (h). Adapted with permission from Ref. [161].
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monocytes after LPS stimulation, compared with cells on TCP
[151]. The hydrogel reduced soluble TNFu in the supernatant by
serving as a TNFu sink, indicating a sufficient anti-inflammatory
effect. Another study from the same group reported that macro-
phages on the same GelMA hydrogel exhibited a M2-like pheno-
type with or without IL-4 stimulation while macrophages on
polyethylene glycol diacrylate (PEGDA) hydrogels did not (Fig. 8b
and c) [21]. The immunomodulation effect of GeIMA could be at-
tributed to its abundant integrin-binding sites, which could pro-
mote macrophage adhesion and further polarization. Other
hydrogels based on ECM components, such as fibrin and HA,
have also exhibited immunomodulation effects [20, 152]. In par-
ticular, HA-based hydrogels have been shown to affect immune
cells depending on their molecular weight (MW) with high-MW
HA being inert or immunosuppressive while low-MW HA promot-
ing inflammatory responses [153].

Peptides affect immune response

The ability of ECM proteins to regulate immune cell behaviour
relies primarily on bioactive amino acid sequences that selectively
interact with them and that can be used as building-blocks of im-
munomodulatory biomaterials. The use of these small bioactive
sequences avoids difficulties of control of structural and conforma-
tional aspects of the ECM proteins. Therefore, a variety of hydrogels
based on ECM-inspired peptides have been investigated for modula-
tion of immune responses. The peptide RGD, identified as a mini-
mum cellular binding motif, is one of most commonly used peptides
in hydrogels [154]. A study using RGD-modified PEG (PEG-RGD)
hydrogels reported that the gene expressions of Tnfa and Il1b in
macrophages were less on PEG-RGD compared to PEG alone, mean-
ing the RGD incorporation can endow hydrogels with anti-
inflammatory properties [134, 155]. Subcutaneous implantation of
the PEG-RGD hydrogel gave rise to a pro-inflammatory cell layer of a
~20-40pm in thickness, while the PEG hydrogels yielded pro-
inflammatory layer thicknesses of 100-200 um, indicating reduced
FBR by exposure of the RGD peptide. In addition to natural peptides,
synthetic peptides are also being used to modulate immune
responses. For example, N-formyl-L-methionyl-L-leucyl-L-phenylala-
nine (fMLF), a tripeptide designed according to metabolic feature of
bacterial, is commonly used as chemoattractant for neutrophils and
macrophage [156, 157]. Hydrogels composed of fMLF and dipeptide
LAF were observed to recruit macrophages at higher levels com-
pared to the LAF only hydrogel [158]. To increase gelation, fMLF-
derived molecules were prepared with the sequence N-formyl-L-
methionyl-L-leucyl-L-3-(2-naphthyl)-alaninyl-D-3-(2-naphthyl)-ala-
nine [159], resulting in attraction of neutrophils to desired locations
n vivo in a sustained manner and promoting ROS production, indi-
cating a strong potential in cancer treatment.

Nucleic acids affect immune response

In addition to ECM-based molecules, nucleic acids are another kind
of natural components that are responded by immune cells. Nucleic
acid hydrogels have been prepared by multiple methods, such as en-
zyme ligation, polymerization and hybridization. DNA containing
unmethylated cytosine-phosphate-guanine (CpG) dinucleotides
(CpG DNA) motif, which is recognized by Toll-like receptor 9 (TLR 9)
expressed in innate immune cells, can be used in cancer immuno-
therapy [160]. CpG DNA hydrogel, constructed by DNA ligase,
boosted the production of TNF-o by macrophage-like RAW 264.7
cells and maturation of dendritic DC2.4 cells (Fig. 8d-h) [161]. After
incorporation with doxorubicin, the combination showed better
anti-tumour capability in mice. However, this hydrogel could be con-
taminated by ligase, triggering unwanted response. Therefore, the

ligation-free DNA hydrogels were developed through sequence-
directed hybridization by same research team [162].
Immunostimulatory effect of the updated hydrogels was proved by
dramatic IL-6 release from DC2.4 cells and enhanced immune re-
sponse to ovalbumin integrated in hydrogel. Decreased local or sys-
temic adverse reactions were observed in ovalbumin/hydrogel than
ovalbumin injected with complete Freund’s adjuvant or alum, dem-
onstrating the high biocompatibility. Immunoinhibitory effect of
DNA hydrogels can also be achieved through modulating the se-
quence of nucleic acids. Nishida et al. [163] constructed immunoinhi-
bitory oligodeoxynucleotides into Kanji character Takumi-like
structure, then incorporated into hydrogels. Pro-inflammatory cyto-
kines released from RAW 264.7 and DC2.4 cells after stimulation by
TLR 9 ligand were restrained by the hydrogels, suggesting their po-
tential for autoimmune diseases treatment.

Non-natural molecules affect immune response

Although natural molecules provide excellent biocompatibility
and signalling capacity, their synthesis can be limited given their
precise amino acid or nucleotide sequence. Non-natural mole-
cules, such as synthetic polymers with accurately tailored physi-
cochemical characteristics offer a higher level of versatility and
can be designed to have immunomodulatory functionalities. In
addition, with reliable material sources and long shelf lives, syn-
thetic polymers can be manufactured on a large scale with low
cost. However, their application is limited by their own intrinsi-
cally poor bioactivity and noxious by-products. For example,
commonly used synthetic polymers, such as polyurethane, poly-
ethylene, poly(methyl methacrylate), poly(2-hydroxyethyl meth-
acrylate) (PHEMA) and PEG are known to trigger strong FBR in vivo
[164]. To overcome this problem, one approach aims to prepare
hybrid hydrogels from both natural and synthetic polymers, in
which immunomodulation can be provided by the natural com-
ponent. For example, biopolymer gelatin together with synthetic
polymer six-arm star-shaped poly(ethylene oxide-stat-propylene
oxide) prepolymer with isocyanate end groups (NCO-sP(EO-stat-
PO)) was used for preparation of immunomodulatory hydrogel
nanofibers [165]. The macrophages on the hydrogel showed up-
regulated prohealing genes and down-regulated pro-inflamma-
tory genes, which may resulted from RGD sequence in gelatin
and modulation of fibrous topography and stiffness caused by
NCO-sP(EO-stat-PO). Alternatively, bio-inspired synthetic poly-
mers can induce a desired immune response. Carboxybetaine,
which is structurally similar to glycine betaine found in humans
and known to play a key role in osmotic regulation, was used to
fabricate poly(carboxybetaine methacrylate) (PCBMA) hydrogels
[166]. Upon subcutaneous implantation in mice, these hydrogels
induced less inflammation at the tissue-hydrogel interface com-
pared to PHEMA hydrogels. Furthermore, loosely distributed col-
lagen, resembling more a natural ECM than a foreign-body
capsule, was found surrounding the PCBMA hydrogels, while
PHEMA hydrogels were encapsuled by dense collagen even after
3months of implantation. Further studies revealed that the deli-
cate FBR caused by PCBMA hydrogels could be ascribed to macro-
phages expressing anti-inflammatory factors. In addition to
synthetic molecules, immunomodulatory effects of functional
groups are also investigated. For example, Vegas et al. [167] syn-
thesized 774 alginate analogues through modification of alginate
with a variety of functional groups including amines, alcohols,
azides, and alkynes. The team reported that hydrogels from
triazole-containing analogues induced decreased FBR in both
mice and non-human primates, with less immune cell infiltra-
tion and thinner collagen capsules for at least 6 months. These
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results suggest that triazole modifications may have broad impli-
cations in biomedical applications. Interestingly, gases can also
be used to modulate immune responses. Fabricating a hydrogel
by combining HA and JK1, a hydrogen sulphide (H,S) donor, Wu
et al. [168] reported that H,S released from the hydrogels induced
macrophage M2 polarization and promoted wound repair.

Delivery of bioactive molecules

Hydrogels can exhibit properties, such as high biocompatibility,
porosity and ease of modification, which make them desirable
scaffolds to incorporate exogenous bioactive molecules. As a re-
sult, hydrogels can modulate immune responses through con-
trolled release of immunomodulatory components by tuning
their physical and chemical properties.

Controlled release by pore size affects immune response
Pore size of hydrogels not only controls the immune cell response
directly, but also regulates the release and retention of bioactive
molecules, leading to desired immunomodulation. Kim et al. [169]
prepared chitosan-based hydrogels with different pore size,
which incorporated with anti-inflammation reagent epigallocate-
chin gallate for skin regeneration. With larger pore size, the hy-
drogel showed more proportion release of epigallocatechin
gallate, resulting in reduced inflammation response of macro-
phage and further effective skin regeneration.

Controlled release by electrostatic interaction affects
immune response

Because of electrical characteristic of nucleic acids, electrostatic
interaction is commonly used for their loading. Leach et al. [170]
prepared a peptide hydrogel to deliver immunomodulatory cyclic
dinucleotides by electrostatic interaction between negative thio-
phosphate linkages of cyclic dinucleotides and the positive lysine
residues at the peptide termini. The electrostatic interaction pro-
vided controlled release of cyclic dinucleotides, exhibiting 8-fold
slower release rate than that of collagen hydrogel, and dramati-
cally improved survival in mice model of head and neck cancer.
In another research, an injectable hydrogel was developed to
load exosomes, extracellular vesicles carrying bioactive proteins
and nucleic acids that are produced by cells to regulate cell re-
sponse remotely [171]. Exosomes were tethered within hydrogel
via electrostatic interaction between positively charged hydrogel
and negatively charged exosomes membrane, prolonging the
time in which exosomes release and further exert effects. The ex-
tended release of immunomodulatory exosomes brought about
M2 polarization-assisted angiogenesis and diabetic wound heal-
ing.

Controlled release by affinity between heparin and
chemokines affects immune response

Chemokines bind GAGs from the ECM, such as heparin. By tak-
ing advantage of this feature, heparin-based hydrogels were
used to deliver chemokines to modulate the local immune mi-
croenvironment. For example, using a heparin and PEG diacry-
late hydrogel, Krieger et al. [172] enabled loading and sustained
release of SDF-1a, taking advantage of its capacity to bind hepa-
rin, leading to the recruitment of innate immune cells involved
in microvascular network growth. On the other hand, the affin-
ity of heparin to chemokines can be used to scavenge excessive
chemokines in inflammatory environments. For instance, a
heparin-incorporated hydrogel was used to capture the inflam-
matory chemokines MCP-1, IL-8, MIP-1a and MIP-1p from wound
fluid of chronic venous leg ulcers in patients and blocked the

migratory ability of monocytes and neutrophils [173].
Furthermore, in mice delayed wound-healing model, the hydro-
gel performed as a scavenger of inflammation, generating an
immuno-friendly microenvironment for wound closure.

Controlled release by environmental responsive degradation
affects immune response

The ECM is not only highly complex in composition but also
highly dynamic. Hydrogels exhibit signals with temporal control,
including the possibility to use environmental cues to tailor de-
gradability and, consequently, the immune response. Triglycerol
monostearate, an amphiphile with an ester linkage that is cleav-
able by esterases and matrix metalloproteinases in inflammatory
conditions, was self-assembled into hydrogels to encapsulate im-
munosuppressive tacrolimus [174]. The release of tacrolimus
from the hydrogel was observed only in the presence of
inflammation-like conditions. Using a Brown Norway-to-Lewis
rat hindlimb transplantation model, local injection of the hydro-
gel resulted in reduced immune cell infiltration and anti-graft an-
tibody production, leading to prolonged graft survival. The
distinction of pH among different tissues can also be used for
controlled release. Li et al. [175] designed an injectable hydrogel
encapsulating mesoporous silica nanoparticles-loaded miR-21-5p
(MSN/miR-21-5p), with MSN/miR-21-5p conjugating within hy-
drogel through pH-responsive Schiff base bonds. In the slightly
acidic environment of myocardial infarction, the cleavage of
Schiff base bonds elicited release of immunomodulatory MSN
and angiogenic miR-21-5p, inhibiting inflammatory response and
promoting local neovascularization. As for cancer treatment re-
search, a ROS-responsive hydrogel was fabricated with poly(vinyl
alcohol) and a ROS labile linker (Fig. 9a) [176]. In the tumour site,
abundant ROS induced degradation of the hydrogel that locally
released gemcitabine (GEM) and anti-PD-L1 blocking antibodies
(aPDL-1), triggering marked infiltration of CD4* and CD8" T lym-
phocytes and even systemic immune responses that inhibited tu-
mour growth and recurrence (Fig. 9b—f).

Future perspectives

Hydrogels continue to be promising biomaterials for a wide spec-
trum of applications, generating increasing interest due to their
high biocompatibility, tuneability, easy of modification and con-
trollable properties [177]. In this review, we have summarized
strategies to modulate immune responses through the manipula-
tion of physical and chemical characteristics of hydrogels
(Table 1). These tactics are being employed in tissue engineering,
cancer treatment, immune rejections remission, cell therapies,
medical device design, and immune-related diseases ameliora-
tion. We have attempted to dissect and identify key hydrogel fea-
tures that could be used as design tools for the engineering of
advanced immunomodulatory hydrogels. Furthermore, emerging
technologies, such as bioprinting, high-throughput screening,
organoids, and organ-on-chips, are likely to enhance the reper-
toire of tools to tailor immunomodulation. Nonetheless, impor-
tant challenges need to be considered and addressed to
implement immunomodulation as a widespread feature in the
design of the next generation of hydrogels:

Identification of key hydrogel properties in
immunomodulation

It has been widely recognized that hydrogel stiffness has a con-
spicuous effect on immune cell responses. In addition, stress re-
laxation, another mechanical cue that characterizes the ability of
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Figure 9. Delivery of aPDL-1 by ROS-responsive hydrogel for immunotherapy of tumour. (a) Schematic of combination chemoimmunotherapy using a
ROS-degradable hydrogel scaffold to deliver GEM and aPDL1 into the tumour microenvironment. (b) In vivo bioluminescence imaging of the

B16F10 tumour in control and treated groups. (c-d) Absolute numbers of the CD8" (c) and CD4" T cells (d) per gram of the tumour upon various
treatments. (e-f) Ratios of the tumour-infiltrating CD8" T cells (e) and CD4™ T cells (f) to Tregs in the tumours upon various treatments. Adapted with

permission from Ref. [176].

a substrate to dissipate cell-induced forces, has been long
neglected. ECM and tissues, such as brain, liver, muscle, skin and
breast are not just elastic, they are viscoelastic, exhibiting stress
relaxation [178]. Viscoelastic hydrogels can provide a microenvi-
ronment that more closely simulates the natural ECM. Recently,
hydrogels with different stress relaxation profiles were used to
explore responses of MSCs, chondrocytes, and myoblasts [179-
181]. Nevertheless, immunomodulatory effect of stress relaxation
remains under explored. Therefore, identifying the relationship
between stress relaxation and immune cell responses will likely
lead to a new research direction contributing to building up
mechanically controllable hydrogels for immunomodulation.
In addition, in order to identify the effect of specific hydrogel
properties on the immune response, it is critical to develop ways
to control hydrogel design parameters individually. For example,

to modulate the stiffness of alginate hydrogels, different concen-
trations of CaCl, can be added [182]. However, while this
approach can modulate hydrogel stiffness, it would also result in
changes in porosity and composition, making it difficult to distin-
guish the dominant properties that influence the immune re-
sponse. Consequently, it is important to develop methodologies
that enable regulation of hydrogel parameters in an isolated
manner.

The mechanisms of hydrogel
immunomodulation need to be investigated
Although desirable immune responses can be obtained by regu-
lating physical and chemical properties of hydrogel, an in-depth
understanding of how the changes of these properties affect
immune responses is scanty. For example, effects in the
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Table 1. Summary of the hydrogel-based regulation strategies on immunomodulation

Property Hydrogel example
Dimensionality Agarose gel
Collagen gel
Stiffness Transglutaminase cross-linked
gelatin gel (1.58 and 60.54 kPa)
PEG-RGD hydrogel (130, 240 and
840kPa)
Polyacrylamide gel (11, 88 and
323kPa)
Polyacrylamide gel (10, 25, 100
and 200kPa)
Polyacrylamide gel (2.6, 7.4 and
22.1kPa)
Porosity Alginate hydrogel
Poly(2-hydroxyethyl methacry-
late-co-methacrylic acid) hy-
drogel
Topography Polyacrylamide hydrogel
Gelatin methacryloyl hydrogel
Wettability Methacrylated gellan gum hydro-
gel
Electric property Alginate/PEI hydrogel/multido-

main peptide (MDP) hydrogel

Molecular presentation Decellularized matrices

ECM molecules

Peptides

Cell function References
3D induced monocytes differentiation [94]
3D promoted M2 polarization in inflammatory condi- (93]
tion
Macrophages polarization [108]
e Stiffer-induced M1 markers
* Softer-induced M2 markers
Inflammatory cytokines secretion by macrophages [106]
* Stiffer promoted higher pro-inflammatory cyto-
kines
Phagocytosis and migration of macrophages [107]
* Softer induced highly phagocytic and migratory
phenotype
T lymphocytes activation [111-113]
* Stiffer induced fast migration, pro-inflammatory
factor expression, and aerobic glycolysis
B lymphocytes activation [114]
* Stiffer promoted accumulated BCR and high
expressed CD69
50% porosity allowed more DCs infiltration [119]
40-pm pore size induced M2 polarization [123]
Nano-pattern induced low level of FBR [127]
Microgrooved pattern promoted M2 marker expres- [43]
sion and phagocytosis
Hydrophobicity induced high M1 marker expression [44]
and low phagocytosis
Positive charge elicited high level of FBR (144, 145]
Macrophages polarization depended on tissue source [146]
of decellularized matrices
* Lower expression of pro-inflammatory factors by [21, 151]
monocytes
* M2 polarization
* Recruitment of neutrophils and macrophages [134, 155,
* Decrease of inflammatory factor expression 158, 159]

by macrophages

cytoskeleton as a result of hydrogel properties can lead to re-
duced immunosuppressive effects of MSCs [183] or effects on B
lymphocyte activation [114]. These effects are likely associated
with distinct mechanosensing, which would depend on both type
of hydrogel and cells. Furthermore, microRNAs are also impli-
cated in hydrogel mediated immune responses [184]. However, it
is necessary to elucidate these mechanisms to inform both hy-
drogel design and clinical application.

High-throughput screening for combinatorial
effects of hydrogel properties

The immunomodulation effects of hydrogels are not the result of
single factors but rather of multiple physical and chemical prop-
erties working together. While an understanding of the effects of
specific hydrogel properties would improve our understanding of
fundamental mechanisms, synergistic effects are likely to define
the ultimate hydrogel performance. Therefore, it is necessary to
implement high-throughput screening techniques that will help
to dissect and identify desirable parameters. Addressing this
need, Rostam et al. [185] identified materials with the ability to
regulate macrophage phenotype by two rounds of high-
throughput screening from homopolymer and copolymer librar-
ies. Machine-learning approaches were then used to develop
polymer structure-cell response models, which could predict
Immune-instructive features of potentially new materials yet to

be synthesized. In another study, a high-throughput combinato-
rial screening of biochemical and physical signals of hydrogels
was used for stem cell-based cartilage tissue regeneration [186].
The study investigated integrated effects of matrix degradation,
stiffness, growth factor concentration, RGD presentation, and
mechanical stimulation on MSC differentiation into articular or
hypertrophic cartilage phenotypes. This technique allows to con-
veniently and quickly screen specific properties to guide the de-
sign of immune-instructive hydrogels.

Improved classification methods

As the understanding of immune responses to biomaterials grows, it
is increasingly necessary to find ways to quantify and characterize
these biological processes. As mentioned, macrophages can be typi-
cally classified into M1 (pro-inflammatory phenotype) and M2
(wound-healing phenotype) according to their function and cytokines
profiles. However, increasing evidence shows that macrophages can
express both M1 and M2 makers simultaneously and there is a spec-
trum of macrophage polarization depending on the nature of stimuli
[187], making it difficult to define the activation state of these cells.
For example, studies have demonstrated that macrophages can ex-
press M2 makers while at the same time produce M1 cytokine secre-
tions depending on the hydrogel used [43, 188]. Therefore, detection
protein and gene expression alone is not sufficient to determine
the actual immune state. Such advances are likely to require
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multidisciplinary efforts integrating cell biology, immunology, mate-
rials science, and bioengineering.

Improved understanding of the relationship
between immunomodulation and immune cell
metabolism

Recent advances in cell metabolism studies have reinforced the
understanding of metabolic modulation affecting the immune re-
sponse. For example, the transition of macrophage phenotype
from M2 to M1 is concomitant with metabolic reprogramming
from fatty acid oxidation to glycolysis [189]. However, studies in-
vestigating the role of hydrogel biomaterials on the metabolic
state of immune cells are rare. We believe that understanding
how hydrogel-derived cues, including physical and chemical
properties, impact immune cell behaviour can play a key role in
the ultimate immune response. This is a new outlook at immu-
nomodulatory materials and can help us comprehend immuno-
modulation mechanisms and design novel immune-instructive
hydrogels.

Conclusion

The host response to biomaterials, particularly to hydrogels,
implicates intricate interaction between innate and adaptive im-
mune system. A variety of strategies have been adopted to
achieve favourable hydrogels by modulating interaction at im-
mune cells/hydrogels interface, including control of physical
and chemical properties. Besides, the regulation of these inher-
ent properties can influence delivery of bioactive molecules by
hydrogels, which also affect immune response. Ongoing re-
search is uncovering more details about the role of inherent hy-
drogel cues in immunomodulation. More work is needed to
acquire further in-depth insight into immune cell-hydrogel biol-
ogy, as well as developing new techniques to more precisely and
quickly investigate the immune response to hydrogels. This
knowledge will further aid the identification of design rules for
the engineering of advanced immune-instructive hydrogels.
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